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Abstract 
Electricity is transmitted by Transmission Lines (TLs) from the source of production to the 
distribution system and then to the end consumers. Failure of a TL can lead to significant 
economic losses and to negative social consequences resulting from the interruption of 
power. High Intensity Winds (HIW), in the form of downbursts and tornadoes, are believed  
to be responsible for more than 80% of the weather-related failure of TLs around the world. 
The studies reported in this thesis are  part of an ongoing extensive research program at 
Western University focusing on the response of TLs under HIW. Previous investigations 
conducted to study the behavior and to assess the failure of TLs under downburst wind 
indicated the importance of accounting for the forces transmitted from the conductors to the 
towers. The current thesis focuses on the response of TL conductors subjected to downburst 
wind while considering various terrain exposures. The thesis is written using the "Integrated 
Article" format and includes various complementary studies. First, an effective numerical 
technique to analyze transmission line (TL) conductors subjected to HIW events is 
developed. This is followed by a derivation of a simplified closed form solution to estimate 
the forces transmitted from the conductors to the towers due to downburst winds. Then, an 
expression for the conductor aerodynamic damping, which is a main parameter affecting the 
conductors’ dynamic behavior, corresponding to downburst wind, is derived and validated. 
Afterwards, dynamic behaviour of TL conductors under downburst and synoptic winds 
corresponding to open terrain exposure is investigated. In order to account for other terrain 
exposures, a new roughness model adequate for Large Eddy Simulation (LES) of moderate-
rough to rough terrain exposures typically encountered by TLs is developed and validated. 
Then this model is used in conducting LES of downbursts for various terrain exposures in 
order to:  (i) characterize the downburst turbulence, (ii) investigate the dynamic behavior of 
TL conductors under downburst wind corresponding to different exposures. The research 
accomplished in this thesis, in terms of development of efficient structural analysis tools and 
characterization of the wind field, provides an advancement in knowledge about the behavior 
of transmission lines in general and conductors in particular during downburst events.   
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Chapter 1  
1 Introduction 
1.1 Background 
Transmission Lines (TLs) are considered one of the essential components of the urban 
infrastructure system. Their role is to transmit electricity from sources of production to 
the distribution system and then to consumers. Figure 1.1 shows a photo of a typical TL 
system. As shown in the figure, the main components of a typical TL are: the conductors 
that transmit the electricity, the tower that supports the conductors through insulators, and 
the ground wires that transmit undesired electrical charges to the ground in the case of 
lightening. The tower shown in Figure 1.1 is called "guyed tower" where the tower 
stability is provided by a number of guys connected to the tower and anchored to the 
ground, and by a pin support located at the tower base. Figure 1.2 shows another system 
where the tower is self-supported. The towers shown in Figure 1.1 and 1.2 are steel lattice 
structures that are commonly used in high voltage lines. Other tower systems include 
steel poles, and H-frame concrete or wood structures that are typically used with 
relatively low voltage lines. TLs need to resist the applied environmental loads including 
wind and ice loads. Among the different wind events that can lead to strong loads on TLs 
are downbursts and tornadoes. Downbursts and tornadoes are commonly referred to as 
the High Intensity Winds (HIW). Both are localized events that have different 
characteristics compared to other large scale events (hurricanes and cyclones). A 
downburst is a strong downdraft that induces an outburst of damaging winds near the 
ground as described by Fujita (1999). A tornado, on th other hand, is a short-lived 
localized set of surface vortex flows extending from the clouds to the earth and associated 
with strong uplift.  
In the past decades, it became evident that HIW can have devastating effects on TLs. 
Dempsey and White (1996) reported that more than 80 % of weather-related failures of 
TLs around the world are due to HIW events. Li (2000) stated that in Australia 
downbursts lead to more than 90% of the weather-related failures. 
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Figure  1.1 Guyed transmission tower (Source: Wikipedia: 
http://operationcircuitbreaker.wordpress.com/chapter-4-transmission-line-
vulnerabilities) 
This thesis is part of an ongoing intensive research program that was initiated about a 
decade ago at Western University focusing on various aspects of this problem. The 
current study focuses on the behavior of conductors under downburst loading. This is an 
important topic due to a number of reasons: 
1. Research conducted on this topic is limited, and there is insufficient information 
about the characteristics of downburst loads acting on the conductors as well as 
the conductors' response under these loads. 
2. Conductors are the components that are most susceptible to the dynamic effects in 
a TL system. 
Conductor 
Guy 
Pin support 
Insulator 
Ground wire 
Tower 
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3. Conductors are the most challenging components of a TL system in terms of their 
structural analysis because of their extreme flexibility. 
4. Due to the localized nature of HIW events, loads acting on conductors can lead to  
completely different conductor behavior than that associated with large scale 
events. 
 
 
 
Figure  1.2 Self-supported transmission tower (Source: Wikipedia: 
http://operationcircuitbreaker.wordpress.com/chapter-4-transmission-line-
vulnerabilities) 
A literature review covering various aspects related to this research is provided in this 
introduction chapter. The review includes research previously conducted to characterize 
the downburst wind field in addition to the research conducted on the response of TLs 
under downbursts. Also, a general review of the previous research conducted on the 
structural modeling of the conductors as well as their dynamic response under wind loads 
is provided. The objectives and the thesis organization are then outlined in this chapter. 
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1.2 Downburst Wind Field 
Downbursts are localized events that have a wind field significantly different than the 
fields associated with synoptic wind systems. According to Wilson et al. (1984), a typical 
downburst event may have a diameter in the range of 1000 to 6000 m. Hjelmfelt (1988) 
reported a range for downburst sizes between 1500 and 3000 m based on 11 downburst 
events. Downbursts can lead to very high velocities near the ground. Previous field 
studies, such as the Federal Aviation Administration Lincoln Laboratory Operational 
Weather Studies (FLOWS; Fujita, 1985), showed that the maximum downburst wind 
velocities occur at the first 50 m above the ground, as indicated by Fujita and Wakimoto 
(1981), Wilson et al. (1984), and Hjelmfelt (1988). Savory et al. (2001) indicated that the 
maximum recorded wind speed during downburst events is equal to 67 m/s which is 
within the range of velocities corresponding to F2 tornado defined by Fujita and Pearson 
(1973). Fujita (1990) and Boss (2010) indicated that the probability of structural damage 
due to downbursts is higher than tornadoes because of their high frequency of occurrence. 
Various studies were conducted to characterize the downburst wind field. In general, 
these studies can be classified into field studies, experimental studies, and numerical 
simulations using the Computational Fluid Dynamics (CFD) tools. Although field 
measurements can provide accurate information regarding the velocity field, it is a 
challenging task to conduct site measurements for downbursts due to the unpredictability 
of the event occurrence in terms of time and space. This motivated many researchers to 
study downbursts either experimentally (Osegura and Bowles 1988, Lundgren et al. 1992, 
Alahyari and Longmire 1994, Yao and Lundgren 1996, Wood et al. 2001 and Chay and 
Letchford 2002) or numerically (Kim and Hangan 2007, Sengupta and Sarkar 2008, 
Mason et al. 2009, Mason et al. 2010a,b). Most of experimental and numerical studies on 
downbursts are based on the impinging jet (IJ) model suggested by Fujita (1985) and the 
cooling source (CS) model developed by Anderson et al. (1992). The IJ model, as 
inferred from its name, is based on the analogy between a strong downdraft that touches 
the ground during downburst event and a jet that impinges to a wall. The CS model is 
based on simulating the density perturbation happening in the cloud base by the cooling 
process. This continuously increases the density of the air inside the cloud base until it 
becomes heavier than the adjacent air and falls down forming the downburst. This can be 
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modeled numerically using a negative energy source located in the computational domain 
at the level of the cloud base, and it can be modeled experimentally by releasing a fluid 
parcel in a slightly denser ambient fluid.  
There are some advantages of numercial simulations over physical experiments. 
Numerical simulations allow for simulating the actual size of downbursts, and thus, 
avoiding potential scaling effects, which is not the case for physical experiments. Also, 
numerical simulations allow for generating detailed information of the flow field in both 
time and space compared with physical experiments. The following discussion focuses on 
the numerical studies of downbursts. 
Kim and Hangan (2007) employed the IJ model to simulate a laboratory-scale downburst 
with a diameter of 0.038 m and a jet velocity of 7.5 m/s. They solved the Unsteady 
Reynolds Averaged Navier Stokes (URANS) equations to obtain the time-dependent 
mean downburst velocities. These time-dependent mean velocities are typically referred 
to as the "running mean" velocities. Kim and Hangan (2007) extracted the maximum 
"running mean" velocity profile and compared it with the profiles obtained from previous 
experiments conducted by Donaldson (1971) and Didden Ho (1985) as illustrated in 
Figure 1.3.  
 
Figure  1.3 Comparison between vertical velocity profile for downbursts. 
Reproduced from Kim and Hangan (2007) 
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Sengupta and Sarkar (2008) used the IJ model to simulate downbursts. They employed 
K-epsilon, K-omega, Shear Stress Transport (SST) and Large Eddy Simulation (LES) 
turbulence models, and compared the resulting profiles with those obtained from 
experiments. The comparison showed a very good agreement between the profile 
obtained from LES and the profile obtained from the tests. Studies conducted by 
Hadzˇiabdic´ (2005), Chay et al. (2006) and Gant (2009) also recommend using LES to 
simulate downburst wind fields. 
Mason et al. (2009) employed the CS model to simulate downbursts in two-dimensional 
domain generated over various terrain roughness. Their study indicated that the increase 
in the ground roughness tends to decrease the maximum horizontal velocity and to 
increase the elevation where it happens. Later, Mason et al. (2010) studied the flow field 
of a translating downburst using a three-dimensional domain. For the two simulations 
mentioned above, the Shear Adaptive Simulation (SAS) method introduced by Menter 
and Egerov (2005) was utilized to account for turbulence while the neutral wall function 
was used to model terrain roughness. According to Teske and Lewellen (1977), the usage 
of neutral wall function in modeling terrain roughness is acceptable when the grid 
employed in discretizing the domain has a small height for the first layer above the 
ground. Mason et al. (2009, 2010) used a 1.0 m high first grid layer, which justifies the 
employment of the neutral wall function. However, the usage of that 1.0 m high layer 
shades doubt on their results for terrain aerodynamic roughness, z0, greater than 0.016 m, 
which include typical terrain exposures encountered by TLs (ESDU 2001). That is 
because of the following reasons; according to Richards and Hoxey (1993), Franke et al. 
(2004), Fluent Inc. (2005), Ansys Ltd., (2005), and Blocken et al. (2007), the height of 
the first grid layer, Δz, limits the ground roughness, ks, and the aerodynamic roughness, 
z0, as ks~30 z0, that can be modeled. Maximum roughness that can be modeled cannot 
exceed the mid height of the first grid layer, (ks or 30 z0) ≤ 0.5 Δz. This leads to a 0.016 m 
maximum allowable aerodynamic roughness z0 in the simulations conducted by Masons 
et al. (2009 and 2010). 
Masons et al. (2009) compared the downburst profiles obtained using CS model with 
those using IJ model. The comparison revealed that the profiles obtained using CS model 
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are narrower and have a lower elevation for the maximum horizontal velocities than the 
profiles obtained from IJ method. This could be a result of employing a ramp function to 
enforce the flow in the simulations conducted using the CS model, compared with an 
instantaneous enforcing in the simulations conducted using the IJ model.  
Vermeire et al. (2011a) simulated downbursts occurring over various terrains, with z0 
equals to 0.001-0.1 m, using the CS model and employing LES to resolve for turbulence. 
Similar to Mason et al. (2009), they utilized the neutral wall function using a 1.0 m high 
first grid layer which shades doubt on their findings for terrain roughness z0 greater than 
0.016 m. Later, Vermeire et al. (2011b) used the CS model to study the interaction 
between multiple downburst events and reported a 55% increase in the velocity 
magnitude compared to that of a single event. 
All of the above simulations provide good insights on downburst wind field. However, 
none of these studies discussed the turbulent characteristics (such as turbulent intensities, 
length scales, spectra, and peak factors) of the flow near the ground. These characteristics 
are essential to quantify peak loads on structures including TLs and their responses as 
indicated by Chen and Letchford (2004a, b), Chay and Albermani (2005), Chay et al. 
(2006), Holmes et al. (2008) and Kwon and Kareem (2009). Holmes et al. (2008) 
analyzed the velocities of a downburst event recorded at the Wind Science and 
Engineering Research Center at Texas Tech University (Gast-Orwig and Schroeder 2005) 
and obtained the turbulent characteristics of the event. Unfortunately, these 
characteristics are for open terrain exposure only and limited to the locations where the 
velocities were measured. Detailed turbulent characteristics of downburst events 
happening over various terrain exposures typically encountered by TLs are still missing 
and this is one of the aspects covered in this thesis. 
Obtaining the turbulent characteristics can be achieved using a high resolution LES with 
a careful modeling of terrain roughness. As mentioned earlier, terrain roughness was 
commonly modeled using wall functions which provide a constraint on the maximum 
roughness that can be modeled. This constraint has a significant effect especially when 
detailed flow characteristics close to the ground is needed. Methods such as terrain 
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following coordinates, immersed boundary methods (IBM) and canopy models do not 
have limitation on the roughness that can be modeled. However, they do not allow for 
modeling a terrain exposure with a prescribed aerodynamic roughness z0, which is 
needed for obtaining the turbulent characteristics of downbursts acting on different 
exposures. There is a need for a new method capable of modeling a prescribed 
aerodynamic roughness in LES without imposing a constraint on the roughness that can 
be modeled, and this is one of the topics covered in the thesis. 
1.3 Studies on the Effect of Downbursts on TLs 
Many studies have been conducted over the last two decades to investigate the effect of 
downbursts on TLs. Savory et al. (2001) studied the susceptibility of a transmission tower 
failure under downburst and tornado cases. They considered a downburst with 80 m/s 
maximum radial velocity and a tornado with a 90 m/s maximum tangential velocity. 
Their study predicted no potential failure under the downburst and predicted a failure to 
occur under the tornado. It should be mentioned that this conclusion is reached while 
neglecting the forces transmitted from the conductors to the tower.  
Kanak et al. (2007) studied a downburst event that occurred in South-Western Slovakia in 
2003 where at least 18 electric self-supported transmission line towers were destroyed. 
Seven of the fallen towers collapsed in a 1.2 km line, where the line was perpendicular to 
the trajectory of the thunderstorm. Observations of the failed towers showed that 
members in the middle third were damaged while others in the upper and lower zones 
remained straight. Kanak et al. (2007) attributed the failure to a localized high velocity 
that appeared at the location of the failed zone in the towers. 
Shehata et al. (2005) emphasized the importance of including loads acting on the 
conductors.  They developed a Finite Element Model to analyze the different components 
of the line under downburst wind. They carried out their study using a downburst wind 
field resulting from the CFD simulation conducted by Kim and Hangan (2007). Since the 
downburst wind field was simulated for a laboratory-scale using a CFD model (with a jet 
diameter of 0.038 m), Shehata et al. (2005) proposed a method to scale up the resulting 
laboratory-scale wind field. Shehata conducted a sensitivity analysis to assess the number 
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of spans that needs to be considered in order to accurately estimate the forces transferred 
from a conductor to the towers. The analysis showed that modeling six spans, three at 
each side of the tower, is enough to obtain accurate estimation of the transferred forces. 
Shehata and El Damatty (2007) studied the effect of different downburst configrations on 
the member forces of a guyed transmission tower using FEM developed in their earlier 
study. Since downbursts are localized events with a size comparable to the span of the 
line, Shehata and El Damatty (2007) conducted a parametric study by varying the event 
size, through changing the jet diameter, Dj, and its location relative to the tower of 
interest represented by the polar coordinates R and ϴ.  Their  study  indicated  that 
maximum forces that develop in the tower members are caused by different combinations 
of the event jet diameter, Dj, and the its relative location to the tower (R and ϴ).  
Later, Shehata and El Damatty (2008) performed a failure analysis on a tower that 
belongs to Mantioba Hydro Company, Canada which physically failed in 1996 during a 
downburst event. First, they conducted a parametric study to identify the critical 
downburst configurations, in terms of event size and location, leading to peak forces in 
the tower members. Then, they determined the loads corresponding to those critical 
downburst configurations. Those loads were applied incrementally in the finite element 
model until failure occurred. Their study indicated that the most critical failure mode 
happens when a downburst with a jet diameter, Dj, that is equal to twice the span length 
hits the ground at a radial distance of 1.6 Dj and an angle Ɵ of 30o measured from the 
tower of interest, as shown in Figure 1.4. The corresponding downburst loads on the 
conductor are also shown in the figure.  The variation of loading between the spans 
adjacent to the tower led to a change in the tension force developing in different spans. 
This effect resulted in a net force acting on the tower cross arm in the longitudinal 
direction of the line. Darwish and El Damatty (2011) studied the behaviour of a self-
supporting tower under downbursts and, similar to Shehata and El Damatty (2007), 
identified the critical downburst configurations for the tower.  
All of the above mentioned studies employed the quasi-static Finite Element Method 
(FEM) to calculate the line response including the conductors. Complexities associated 
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with modeling of conductors using the FEM and the requirement to conduct dynamic 
analysis are discussed in the following subsections.  
A) Downburst configuration 
B) Load applied on the conductor normalized by the load at point p 
Figure  1.4 Critical downburst case (Shehata and El Damatty 2008) 
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1.3.1 Modeling of Conductors 
Analysis of TL conductors under downburst wind using finite element model is very 
challenging. That is because conductors are very flexible structural elements that behave 
highly non-linear, which makes their analysis very time consuming. In addition, 
evaluating the maximum downburst forces in the members of a transmission tower 
require a long parametric study covering different potential sizes and locations of the 
event. Those reasons emphasize the need for development of procedures that are efficient 
and accurate for the evaluation of the response of the conductors under downburst 
loading. 
Irvine (1981) derived a closed-form solution for the reactions of a single-spanned 
conductor when the loading can be fitted with a third degree polynomial. Yu et al. (1995) 
derived a solution to calculate the reactions for a single-spanned conductor subjected to 
concentrated loads. These two solutions do not account for the flexibility of the 
insulators, which affect the values of the conductor reactions significantly (Darwish et al. 
2010). The flexibility of the insulators can be accounted for using the concept of the 
"rolling span" developed by Winkelman (1959). However, this concept is based on 
neglecting the differences between the tension developing in the conductors' adjacent 
spans.  Consequently, it cannot predict the longitudinal reactions transmitted from the 
conductor to the supporting towers, which can be significant (Shehata and El Damatty 
2008). Based on the analytical solution of elastic catenary, Ahmadi-Kashani and Bell 
(1988) and Wie et al. (1999) developed cable elements able to simulate an entire span.  
Although those elements have the advantage of reducing the computational time as a 
result of reducing the number of degrees of freedom, they are applicable only under 
uniform loading, which is not the case for downburst wind.  
1.3.2 Dynamic Analysis of TL Conductors 
Most of the previous attempts to analyze the behaviour and/or study the failure of 
transmission lines under downburst (Shehata and El Damatty 2007, Darwish and El 
Damatty 2011, Savory et al. 2001, Shehata et al. 2005) were performed using quasi-static 
analysis, i.e. assuming no dynamic effects between the line components and the wind. 
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Although this assumption is justifiable for the towers because of their high fundamental 
frequencies (Holmes 2008), it might not be always valid for the conductors. Conductors 
are typically more vulnerable to be dynamically excited because their natural frequencies 
are more closer to the frequencies of the turbulent wind. Although the aerodynamic 
damping of the conductors can attenuate a large portion of their dynamic excitation, it 
might not be always enough for neglecting the dynamic effects. For example, Loredo-
Souza and Davenport (1998) studied the response of a single spanned conductor system 
subjected to normal winds. Their study showed that, depending on the amount of 
aerodynamic damping, the resonant response can be as important as the background 
response. Researchers such as Battista et al. (2003) and Gani and Legeron (2010) also 
emphasized the importance of including the dynamic effects while evaluating TL 
responses under normal wind.  
On the other hand, Darwish et al. (2010) showed a negligible dynamic effect on the 
conductor response due to downburst fluctuating loads. Two reasons might be behind this 
conclusion. The first reason is that in their study the turbulent component of the 
downburst was extracted from a real event and was assumed to be fully correlated along 
the conductor spans. This assumption tends to magnify the background responses 
compared to the resonant responses. The second reason is related to the aerodynamic 
damping. Darwish et al. (2010) utilized the expression for aerodynamic damping 
provided by Davenport (1962), which is suitable for normal winds. This expression 
requires additional modification to account for the increase of the conductor's tensile 
force and the resulting increase in the conductor's natural frequencies when subjected to a 
downburst. Neglecting this effect exaggerates the aerodynamic damping and tends to 
attenuate the dynamic excitation. Lin et al. (2012) studied a single span conductor 
subjected to 57 simulated downbursts. Although most of their results were in the favor of 
neglecting the dynamic effects, some of their results had reverse findings and, therefore, 
the authors recommended the need for further research. The two above mentioned studies 
(Darwish et al. 2010, Lin et al. 2012) have focused on the dynamic response of TL under 
downburst wind while considering only an open terrain type of exposure. To the best of 
the author knowledge, no other studies are available in the literature that considered other 
types of terrain exposure. 
13 
 
Conducting dynamic analyses of TL conductor under downburst wind is more 
challenging than under normal wind. That is because, as mentioned earlier, downburst is 
a non-stationary event having mean velocities that are time-dependent. This leads to 
changing the mean forces applied on the conductors and consequently changing the 
conductor tension forces and frequencies. This is not the case under normal wind with a 
time independent mean velocities. Although, finite element non-linear dynamic analysis 
can be used to obtain the dynamic response of the conductors under fluctuating 
downburst wind, it is expected to be computationally very demanding.  
Based on the above mentioned investigations, studying the dynamic excitation of TL 
conductors subjected to downbursts requires further research in order to: (1) develop an 
expression for the conductor aerodynamic damping that accounts for the changes in the 
conductor frequency under downburst wind. (2) develop a robust technique capable of 
analyzing TL conductors under downburst events taking into the account the change in 
their mean characteristics. (3) asses the dynamic effect of the conductors while 
accounting for different terrain exposures.  
The above-mentioned three topics of research are covered in this thesis. 
1.4 Objectives of the Study  
This thesis focuses on the response of TL conductors under downburst wind. The 
objectives of the thesis can be summarized as follows: 
1. Develop new efficient and yet accurate methods that can be used to predict the 
structural response of TL conductors under HIW loads.  
2. Develop an expression for the evaluation of aerodynamic damping under time-varying 
downburst loading.  
3. Assess the importance of performing dynamic analyses for TL conductors when 
subjected to downburst and synoptic wind corresponding to open terrain exposure.  
4. Develop a new CFD LES model that accounts for different terrain exposures 
encountered by TLs. 
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5. Characterize downburst turbulence and assess the importance of performing dynamic 
analyses for TL conductors under downburst wind considering various terrain exposures 
encountered by TLs. 
1.5 Organization of the Thesis 
This thesis has been prepared using the “Integrated-Article” format. In Chapter 1, the 
present chapter, a review of the studies and approaches related to downburst wind field 
and transmission line response under downbursts is provided. This is followed by 
presenting the main objectives of the current study. These objectives are addressed in 
detail in the following six chapters. 
Chapter 2: Effective Technique to Analyze Transmission Line Conductors under High 
Intensity Winds  
In this chapter, an effective numerical technique to calculate the reactions of a multi-
spanned transmission line conductor system, under arbitrary loads varying along the 
spans, is developed. These variable loads are generated by High Intensity Wind (HIW) 
events in the form of tornadoes and downbursts. The chapter starts by showing a 
derivation of a semi-closed form solution to obtain the displacements and the reactions at 
the ends of each conductor span. This solution accounts for the nonlinearity of the system 
and the flexibility of the insulators. The solution leads to a set of nonlinear simultaneous 
equations, which need to be solved numerically to obtain the conductor response. A 
numerical scheme is suggested and employed to solve the equation set resulting from the 
technique. The technique is employed to analyze two conductor systems under loads 
resulting from HIW events. The two conductors are reanalyzed using Non-linear Finite 
Element Analyses (FEA) to assess the accuracy of the proposed technique.  
Chapter 3: Closed Form Solution for the Reactions of a Transmission Line Conductor 
under Downburst Winds 
In this chapter, a closed form solution, suitable for structural practitioner engineers, to 
calculate the reactions of a transmission line conductor subjected to downbursts loads is 
derived. A simplified multi-spanned conductor-insulator is considered in the derivation. 
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The considered system allows for the interaction between the spans without the need of 
solving coupled non-linear equations. The solution is derived to cover downbursts with 
arbitrary parameters, including different downburst sizes and relative locations to the 
tower of interest. A set of critical downburst cases that was previously recommended for 
the design of the line has been also considered. The accuracy of the derived closed-form 
solution is assessed and confirmed under both downburst with arbitrary size and location, 
and downburst corresponding to the critical cases. The assessment is carried out by 
comparing the conductor reactions obtained using the proposed closed-form solution with 
those predicted by FEM. 
Chapter 4 Aerodynamic Damping of Transmission Line Conductors under Downburst 
Winds 
This chapter proposes a new analytical expression for the conductor aerodynamic 
damping under downburst wind. The developed expression accounts for the localized 
effect of downbursts which is characterized by the event size and its relative location to 
the conductor. In order to assess the accuracy of this analytical expression, a CFD 
technique, that considers the Fluid Structure Interaction (FSI) between the conductor and 
the wind load is developed. This CFD technique is utilized to predict the conductor 
response under downburst wind which is then compared with the response obtained from 
dynamic analysis using damping calculated by the developed analytical expression.  
Chapter 5 Assessment of Dynamic Effect for Transmission Line Conductors under 
Downburst and Synoptic Winds  
In this chapter, the dynamic response of single and multiple spanned transmission line 
conductor systems subjected to fluctuating downburst and synoptic winds is studied 
considering different wind velocities and different length spans. Two critical downburst 
configurations, recommended in the literature and expected to cause the maximum 
conductor reactions, are considered in the analyses. The considered downburst wind field 
is generated by adding the running mean velocity component obtained from the CFD 
simulation conducted by Kim and Hanagan (2007) to the turbulent component. The 
turbulent component is generated numerically using the technique described by Chen and 
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Letchford (2004a) and Chay et al. (2006) while properly modeling the turbulent intensity 
and the spectra. The objective of this chapter is to assess the importance of including the 
dynamic effect when predicting the conductor's reactions on the towers. This is achieved 
by calculating the mean, the background, and the resonant reaction components using the 
following steps: (i) Conduct a non-linear static analysis of the conductor systems to 
obtain the conductor’s tension forces and displacements under the mean wind velocities. 
These tension forces and displacements are used to calculate the stiffness of the 
conductor to be used in the dynamic analysis. (ii) Conduct a linear dynamic analysis 
under the wind turbulence to calculate the peak dynamic responses including resonant 
and background components using stiffness obtained in step (i). (iii) Conduct a linear 
quasi-static analysis under the wind turbulence to calculate the background component of 
the responses. The contribution of each component to the peak responses is calculated. 
Importance of the dynamic effect is assessed by investigating the contribution values of 
the resonant component to the peak responses. 
Chapter 6 LES of Wind Flow over Various Upwind Exposures  
In the previous chapters, analysis of the TL is conducted using the downburst wind field 
conducted by Kim and Hangan (2007), which is based on the Reynolds Averaged Navier-
Stokes (RANS) equations. This allows for obtaining the mean component of downburst 
wind field but not for the turbulent component. Large Eddy Simulation (LES) can be 
considered as the most commonly used practical approach which provides the turbulent 
component of a wind field. In the case of downburst, turbulent wind field especially near 
the ground, is strongly affected by the ground roughness. The existing models for 
considering the roughness effect in LES have a practical limitation on the maximum 
roughness that can be simulated as a function of the grid size. This is found to be very 
influential for the case of moderately rough to rough surfaces, and alters the accuracy of 
the LES for those surfaces and alters the feasibility of obtaining the turbulent 
characteristics of downburst above these surfaces. Therefore, in this chapter, a new model 
of simulating terrain roughness which is based on the usage of fractal surfaces is 
developed. The model allows for conducting LES of rough terrains with a prescribed 
aerodynamic roughness. To successfully develop this model, a previous model called the 
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surface gradient drag-based (SGD) model (Anderson and Meneveau 2010) is first 
modified. The modification involves assigning drag forces from the ground surface into 
multiple layers. This modification allows for simulating rougher terrains. In the LES, 
terrain roughness is described through the usage of randomly generated fractal surfaces. 
Typically, previous knowledge of the aerodynamic roughness, z0, of a fractal surface is 
not feasible before conducting the simulation, which alters the main goal of the study 
represented in modeling rough terrains with prescribed roughness. Therefore, a new 
technique is developed to scale the generated fractal surfaces in order to have 
aerodynamic roughness as prescribed. Three different fractal surfaces representing 
countryside, suburban, and urban terrains, are generated and modeled using LES.  
Chapter 7 Turbulent Downburst Wind Field and Corresponding Dynamic  Behavior of 
Transmission Line Conductors 
The roughness model developed in Chapter 6 is employed in this chapter to characterize 
the turbulence associated with downbursts. Four different terrain conditions are 
considered in the simulations. The flow field resulting from the simulations contains both 
mean and turbulent components. Therefore, the resulting field is averaged spatially and 
temporally to extract the mean component. Then by subtracting the mean component 
from the flow field, the turbulent component is evaluated. 
The turbulent wind field is extensively analyzed to obtain the turbulence characteristics. 
Turbulent intensity, length scales, spectra, peak factors, and coherency decay coefficients 
are calculated at different radii from the downburst centre and at different elevations from 
the ground.  These turbulent characteristics are very important to calculate the dynamic 
excitation of structures in general and TL conductor in particular. Dynamic analyses of 
the conductors considered previously in chapter (5) are conducted using the wind field 
resulting from the LESs.  
Chapter 8 presents summary and conclusions of the entire thesis together with 
recommendations for further research work. 
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Chapter 2  
2 Effective Technique to Analyze Transmission Line 
Conductors under High Intensity Winds 
2.1 Introduction  
Transmission lines are used to carry electricity from the source of production to the 
consumers. They consist of towers, conductors, insulators and ground wires. Conductors, 
which are responsible for transmitting the electricity, are supported by the towers using 
insulators. Ground wires, which are usually smaller than the conductors, transmit the 
electrical charges in the case of lightening to the ground. Because they are usually located 
in rural areas, a failure in transmission lines requires a long time to repair. Such failures 
may cause consumer long outage time, which can lead to substantial economical losses in 
addition to the repairing costs. By reviewing many cases of weather-related transmission 
line failures around the world, it is evident that most of the failures are results of High 
Intensity Winds (HIW) in the form of downburst or tornados. For example, Manitoba 
Hydro (1996) company, Canada, reported a failure of 19 transmission towers due to a 
downburst. Li (2000) reported that more than 90% of transmission line failures in 
Australia resulted from downburst events that are usually associated with thunderstorms. 
A downburst is a strong downdraft that induces an outburst of damaging winds near the 
ground as described by Fujita (1999). A tornado, by contrast, is a short-lived localized set 
of surface vortex flows extending from the clouds to the earth and associated with strong 
uplift.  
Savory et al. (2001) studied the failure of a transmission tower under both downburst and 
tornado wind fields. By neglecting the forces acting on the conductors, failures were only 
predicted in the case of tornadoes, while no failure was shown to be associated with 
downbursts. The failure study performed by Shehata et al. (2008) predicted three 
different failure modes for the towers while being subjected to downbursts. Due to the 
localized nature of a downburst, wind forces acting on the conductor spans on either sides 
of a tower can be significantly different. This can lead to a variation in the longitudinal 
tensile forces acting on the two spans. The difference between those two forces can lead 
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to a large longitudinal load transmitted to the tower cross arms, causing out-of-plane 
bending in this region. The study conducted by Shehata et al. (2008) revealed that the 
most critical failure mode resulted from this longitudinal load transmitted from the 
conductors to the towers. The recent failure study performed by El Damatty and 
Aboshosha (2012) indicated a similar failure. Aboshosha and El Damatty (2013) 
conducted a parametric study to calculate the transmitted longitudinal and transverse 
loads from the conductor to the towers when conductors are subjected to different 
downbursts. The study showed that the longitudinal load can exceed 60% of the 
transverse load, and therefore, cannot be ignored. The above studies emphasize the 
importance of designing transmission towers to withstand the downburst loads acting on 
the conductors. 
In previous studies aiming to describe the behaviour and/or the failure modes of 
transmission line structures under HIW, Finite Element Analysis (FEA) was utilized to 
calculate the conductor reactions. In the work done by Shehata and El Damatty (2007), 
conductors and ground wires were modeled using 2D-Non-linear Consistent Beam 
Element developed by Koziey and Mirza (1994). The analysis was performed in two 
directions separately: horizontally to obtain the response under the radial downburst 
velocities, and vertically to account for the vertical downburst velocities and the 
conductor’s own weight. The two-dimensional element was acceptable for downbursts as 
their associated velocities in the horizontal direction are much higher than those in the 
vertical direction, and thus decoupling between the two directions can be justified. On the 
other hand, tornadoes have comparable velocities in all three directions. As such, 
Hamada and El Damatty (2011) used a three-dimensional non-linear Cable Element to 
model the conductors. Due to the conductors’ high level of flexibility and significant 
nonlinear behaviour, their analysis using FEA is a time-consuming exercise. Due to the 
localized nature of HIW, the analysis of TL under such events needs to be repeated many 
times by considering different sizes and various locations for the events, as reported by 
Shehata and El Damatty, Hamada and El Damatty (2011) and Darwish et al. (2010). As 
such, it is important to develop a time-efficient technique to analyze multi-span 
conductors under both transverse and vertical loads that vary along the conductor spans. 
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Irvine (1981) derived a closed-form solution for the reactions of a single-spanned 
conductor when the loading can be fitted with a 3rd degree polynomial. Also, Yu et al. 
(1995) derived an exact solution to calculate the reactions for a single-spanned conductor 
subjected to high concentrated loads. The flexibility of the insulators was neglected in 
both solutions. As indicated by Darwish et al. (2010), the insulator flexibility is important 
in quantifying the amount of forces carried by the towers. Winkelman (1959) developed 
the concept of rolling span, which accounts for the insulator flexibility. However, it is 
based on neglecting the differences between the conductors’ tensile forces in the adjacent 
spans, and therefore, no longitudinal reactions are transmitted from the conductors to the 
supporting towers. That is not true for the case of HIW which causes unbalanced loading 
on the conductor spans adjacent to a tower. Ahmadi-Kashani and Bell (1988) and Wie et 
al. (1999) developed cable elements able to simulate a whole span based on the analytical 
solution of elastic catenary.  Such elements have the big advantage of reducing the 
degrees of freedom, and consequently, the computational time. However, such elements 
can be used for uniform wind loads only, which is not the case for HIW.  
2.2 Formulation 
In this study, the multi-spanned conductor system illustrated in Figure 2.1 is considered 
for analysis. The system has spans with length, Lx, and sag, S, under the conductor’s own 
weight. Each span is supported by two insulators with a length, v. The insulators are 
assumed to be axially rigid. The system is subjected to loads in the transverse direction Y 
defined as gy(x) and in the vertical Z direction defined as gz(x). As a result, the conductor 
system will have displacements and reactions in the X, Y and Z directions. The analysis 
is performed by dividing the system in to a number of elements at the conductor-insulator 
connecting points, which are named, N-1, N and N+1, as shown in Figure 2.1. A cut on a 
typical conductor-insulator point (#N), given by  Figure 2.2, shows three unknown 
displacement components, dxN, dyN and dzN and three unknown reaction components, 
RxN, RyN and RzN, in x, y and z directions, respectively. At all the connections, six 
unknowns exist: three reaction components and three displacement components. 
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Figure  2.1 the system layout 
 
 
Figure  2.2 Equilibrium at point N 
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Therefore in order to solve for those unknowns, six equations are required at each 
connecting point. Three equations are derived by studying the moment equilibrium of the 
conductors and by equating the conductor length using two different approaches, as will 
be illustrated by subsections 2.1 and 2.2. The remaining three equations are derived by 
satisfying the equilibrium of the insulator as will be illustrated by subsection 2.2.3.  
2.2.1 Conductor Transverse and Vertical Reactions (Ry and Rz) 
Conductor equilibrium is utilized to obtain expressions for the reactions in Y and Z 
directions. Conductor span, n+1, which spans between the connecting points, N and N+1, 
and illustrated in bold in Figure 2.1, is considered in the derivation below. Such a span 
has six end displacements dxN, dyN , dzN, dxN+1,dyN+1 and dzN+1 and five end reactions, 
(Rx)n+1, (RAy)n+1, (RAz)n+1, (RBy)n+1 and (RBz)n+1, as illustrated in Figure 2.3. It should be 
noted that since no longitudinal forces act on the conductor, the reaction, (Rx)n+1, at the 
end A and that at the end B are set to be equal. 
 
 
Figure  2.3 Analysis of a conductor span (n+1) 
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By applying the moment equilibrium at the end points, B and A, around Z and Y 
directions, expressions for the reactions in y direction, at the end A (RAy)n+1 and at the 
end B (RBy)n+1, and in z direction, at the end A (RAz)n+1 and at the end B (RBz)n+1, can be 
derived as indicated by Eqs. (2.1)-(2.4), respectively. Such equations depend on the first 
order moment induced by the external loads at point A, zgyAM  and  ygzAM , and at point B, 
zgyBM and  ygzBM , which are defined by Eq. (2.5). 
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Where: 
MigK: The first order moment around axis i at point K induced by a 
loading gj(s) 
s: Local coordinate in the longitudinal direction =0.0 and 1.0 at the 
conductor start and end points 
gy(s), gz(s) : Load intensity at the location s, in y and z directions, 
respectively. 
 
Equation  2.5 
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For a connecting point, N, the reactions in Y and Z directions, RyN and RzN, are equal to 
the summation of the reactions, (RBy)n and (RBz)n , from the end B in span N and the 
reactions, (RAy)n+1 and (RAz)n+1 , from the end A at span N+1, as indicated by Eqs. (2.6) 
and (2.7), respectively. Eqs. (2.6) and (2.7) can be rewritten in a matrix notation to 
express the reaction vectors in y and z directions,  
1y Ndx
R and   1z NdxR , for Nd number of 
connecting points, as illustrated by Eqs. (2.8) and (2.9), respectively. Reaction vectors, 
  1y NdxR and   1z NdxR , given by Eqs. (2.8) and (2.9) are the total reaction due to first and 
second order analyses. First order analysis assumes no displacements exist at the span 
ends and is represented in the reaction vectors,  
1
F
y Ndx
R and  
1
F
z Ndx
R , which are only 
functions of the applied loads, gy and gz, respectively and defined in Appendix A. 
Second order analysis accounts for displacements and their effect on the reactions. Such 
effect is considered by the multiplication of the stiffness matrix, [K]NdxNd with the 
displacement vectors {dy} or {dz}, as shown by Eqs. (2.8) and (2.9), respectively.  
So far, transverse and vertical reactions at a general conductor-insulator node N can be 
calculated according to Eqs. (2.6) and (2.7). In the next subsection, 2.2, an expression for 
the longitudinal reaction is to be derived. 
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F
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Where:  
Nd: Number of conductor-insulator connecting points = number of 
spans+1 
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 
1
F
y Ndx
R ,  
1z
F
Ndx
R : Vectors of y and z reactions considering no end 
displacements, which are defined in Appendix A. 
[ ]NdxNdK : Equivalent stiffness matrix to account for the effect of the end 
displacement on the reactions, which is defined in Appendix A. 
                 
2.2.1.1 Conductor Longitudinal Reaction (Rx)  
An expression for the longitudinal reaction component, Rx, is derived by evaluating the 
length of the deformed conductor using two approaches. The first approach is based on 
the axial strain of the member, as indicated by Eq. (2.10). The second approach is based 
on the length of the transverse-vertical elastic profile of the conductor. The length of an 
infinitesimal segment, dL, shown in Figure 2.4, can be calculated as a function of the 
transverse slope dy/dx and the vertical slope dz/dx as indicated by Eq. (2.11), which can 
be simplified to Eq. (2.12). The derivatives dy/dx and dz/dx are required in the simplified 
integral and can be calculated by the expressions given in Eqs. (2.13) and (2.14), 
respectively. Such expressions are based on the assumption that no bending moment can 
be resisted by the conductor, and therefore, external bending moments along the 
deformed conductor are equal to zero The derivatives dy/dx and dz/dx depend on the first 
order shearing forces, Qy(s)* and Qz(s)*, expressed by Eqs. (2.15) and (2.16), 
respectively. By substituting the shearing forces in the integral presented by Eq. (2.12), 
an expression for the conductor longitudinal reaction can be derived as indicated by Eq. 
(2.17). At the conductor-insulator connecting point, N, the reaction in X direction, RxN, 
can be calculated by subtracting the longitudinal reaction of the left span, Rxn, from the 
reaction of the right span, Rxn+1, as indicated by Eq. (2.18). 
 
0
0 .(1 ).

  x x
R RL L
E A
 Equation  2.10 
Where:  
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Rx0: Conductor longitudinal reaction under its own weight  20 . / 8x xW LR S  
E: Modulus of elasticity, A: Conductor cross section area, W: Conductor weight, S: 
Conductor sag 
L0: Conductor length before the application wind loading under its own weight, which 
can be calculated as   20 . 1 8 / 3. /x xL L S L  according to Irvine (1981). 
 
Figure  2.4 Conductor Segment 
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2.2.2 Insulator Equilibrium 
Insulators are modeled as rigid pendulums with length, v, which is constant before and 
after the application of the loading. Considering an insulator, N, as shown in Figure 2.5, 
and applying the equilibrium of the moment at the nagging point, 0, around x, y and z 
axes, a relationship between the nodal displacements (dxN, dyN and dzN) and the nodal 
reactions (RxN, RyN and RzN) is obtained as given by Eqs. (2.19)-(2.21). Eqs. (2.19)-
(2.21), which describe the insulator response, have six unknowns: three displacement 
components, dxN, dyN and dzN, and three reaction components, RxN, RyN and RzN. Eqs. 
(2.8), (2.9) and (18) share the same six unknowns and describe the conductor response. 
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Therefore, a combination of these Eqs. ((2.8),(2.9),(2.18) and (2.19)-(2.21)) can be used 
to solve the entire system as will be illustrated by Section 2.3. 
 
Figure  2.5 equilibrium of the insulator 
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Where:  R୰ୣୱ୒: The resultant force at node N, 2 2 2  resN xN yN resNR R R R  
znL : The vertical projection of the insulator after the deformation = v+ znd , where d୸୒ is 
the displacement in the Z direction, which is usually negative.  
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2.3 Solution Technique 
At each conductor-insulator connecting point, six non-linear equations exist, which are 
Eqs. (2.8), (2.9), (2.18), (2.19), (2.20) and (2.21), and six unknowns also exist, which are 
the displacement components and three reaction components. Since the number of 
equations equals the number of unknowns, the problem can be solved. However, such a 
system of equations needs to be solved iteratively. The easiest approach to solve those 
equations is by iterating in a sequential manner, where only one equation is solved at a 
time. First, initial displacements are to be assumed. Then, the reactions are to be updated 
using Eqs. (2.8), (2.9) and (2.18) to satisfy the conductor equilibrium, and then the nodal 
displacements are to be updated using Eqs. (2.19)-(2.21) to satisfy the insulator 
equilibrium until convergence takes place. It is found that such sequential techniques can 
be easily unstable. The instability may happen in Eq. (2.18), while attempting to update 
the reactions in x direction, Rx, assuming constant displacements in x-direction, dx. This 
instability is due to the high level of coupling between displacements and reactions in the 
x-direction. Consequently, a more stable approach, illustrated by the flow chart shown in 
Figure 2.6, is proposed. As indicated by the flow chart, Newton Raphson’s iterative 
method is utilized to solve Eq. (2.18) with Eq. (2.19) simultaneously in dx and Rx while 
assuming the other variables as constants. The displacement vector in x direction at 
iteration number i+1,   1 1
i
x Ndxd
 , is calculated using Eq. (2.22) as a function of the 
displacement vector at the previous iteration i,   1
i
x Ndxd . After convergence takes place, 
the reaction vector, Rx, is calculated from the displacement vector using Eq. (2.23). 
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Where: 
i:  Iteration number 
  1x Ndxf : Unbalanced load vector in, which is defined in Appendix A 
[Kx]NdxNd: Tangential stiffness matrix that is given in Appendix A, 
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whose the (N, J) element equals to ( )
( )
f N
x J



, where N and J are the 
row and the column numbers 
( )( ) ( ). resx x
RR NN Nd
V  
Equation  2.23 
 
 
Figure  2.6 Flow chart of the proposed solution approach 
2.4 Validating the Technique 
Two cases of loading are selected in order to validate the developed technique. The first 
case of loading represents a downburst, while the second represents a tornado. Downburst 
and tornado wind fields resulting from the CFD simulation performed by Hangan and 
Kim (2007) and Hangan and Kim (2008) are utilized. The technique illustrated by 
Shehata et al. (2005) is employed to scale up the CFD results and to calculate wind forces 
on the conductors. According to Shehata and El Damatty (2007) and Hamada and El 
Damatty (2011), the behaviour of a Transmission Line (TL) under HIW is strongly 
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dependent on the event size, D, and the relative location between the event and the 
towers, defined by the polar coordinates, R and Ɵ. Values  of  those  parameters  for  the 
considered cases of downburst and tornado are given by Figure 2.7 and Figure 2.8, 
respectively. According to El Damatty and Aboshosha (2012), Aboshosha and El 
Damatty (2013) and El Damatty and Hamada (2012), those parameters are found to be 
critical for the considered lines and can lead to the failure of the intermediate tower. 
Those downburst and tornado configurations induce unequal wind loads acting on the 
conductors located on either sides of the middle tower. The HIW parameters of the 
chosen events are summarized in Table 2.1, while the corresponding distribution of wind 
loads is given in Figure 2.9 and 2.10, respectively. As shown in Figures 2.9 and 2.10, 
only six conductor spans adjacent to the intermediate tower are chosen in the analysis, 
similar to the number used by Shehata et al. (2005). Shehata et al. (2005) showed that 
analyzing six spans is enough to obtain accurate prediction of the transmitted forces from 
the conductors to the intermediate tower. The first and last nodes of the considered six-
spanned system are assumed to be restrained in the three directions, similar to the system 
analyzed by Shehata et al. (2005). The properties of the chosen conductor are 
summarized in Table 2.2. 
 
Figure  2.7 Downburst loading Case 
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The results are obtained in terms of the nodal displacements and nodal reactions as 
summarized in Table 2.3 for the downburst case and in Table 2.4 for the tornado case. A 
deformed shape can be obtained using the expressions provided by the following 
equat
dy s
Figure 
.4.1 Results of the Analysis
ions. 
1( )  nn dy
 2.10 Load distribution induced from the Tornado Loading
Table 
Property
Span Length L
Sag Length S (m)
Elasticity Modulus E(N/m
Weight W(N/m)
Facing Area from the wind (m
Drag coefficient C
Cross sectional Area (m
Insulator Length v(m)
Insulator Axial Stiffness
Elevation for the hanging point (m)
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Equation  2.25 
Such expressions are based on equating the bending moments at a general location, s, 
inside a span, n+1, to zero. The obtained deformed shape is plotted in Figures 2.11 and 
12 for the downburst and tornado cases, respectively. In order to assess the accuracy and 
the efficiency of the proposed technique, the same conductor system is reanalyzed using 
Finite Element Analysis (FEA). The commercial software package SAP 2000 is utilized 
to perform the FEA, using a 3D cable element to simulate the conductors, a technique 
similar to what was done by Hamada and El Damatty (2011). In the SAP program, each 
conductor span is divided into 30 elements to account for the load variation along the 
length. The resulting deformed shape obtained using the FEA is plotted and compared 
with that from the proposed technique as shown in Figures 2.11 and 12 for the downburst 
and the tornado cases, respectively. It is clear from the figures that the two responses are 
in good agreement. Nodal displacements and reactions obtained from the FEA are 
summarized in Tables 3 and 4 for the downburst and the tornado cases, respectively. 
Differences between the responses predicted using the proposed technique and those by 
employing the FEA are also summarized in the two tables. The maximum differences in 
the displacements are 3% and 5% for the downburst and the tornado cases, respectively. 
In the meanwhile, the maximum differences in the reactions are 4% and 6% for the 
downburst and the tornado cases, respectively. Such an agreement between the analytical 
and FEA results provides a validation for the developed technique. In terms of efficiency, 
the proposed technique shows a significant reduction in the computational time required 
to perform the analysis, when compared with the FEA. The technique required only 0.35 
seconds to solve the six-spanned problem, while FEA takes 65 seconds to solve the same 
problem. This means that the proposed technique is about 186 and 185 times faster than 
the FEA. It is important to mention that a large parametric study is often required by 
varying the event size and location in order to obtain the maximum forces acting on a 
tower due to HIW event. As such the saving in the computational time of one analysis 
makes a large difference in the overall time required to conduct a parametric study. For 
 example, the parametric study conducted by Shehata and El Damatty (2007), which 
involved 308 load cases took 44.6 hours using FEA, while it has taken only 18 minutes 
using the developed technique in this study.
  
 
Figure  2
Figure 
.11 deflected shape under downburst loading
 2.12 deflected shape under tornado loading
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Table  2.3 Nodal reactions and displacement results for the Downburst Case 
Joint 
FEA Current Technique Difference % 
dx (m) dy (m) dz (m) dx(m) dy(m) dz (m) dx dy dz (m) 
2 0.412 0.027 -0.022 0.422 0.027 -0.022 2% 1% -3% 
3 0.886 0.618 -0.148 0.909 0.613 -0.153 3% 1% -3% 
4 1.210 3.021 -1.67 1.235 3.018 -1.683 2% 0% 0% 
5 -0.533 3.335 -1.85 -0.548 3.333 -1.858 -3% 0% 0% 
6 -0.648 1.275 -0.26 -0.668 1.268 -0.265 -3% 1% 0% 
Joint 
FEA Current Technique Difference % 
Rx (N) Ry (N) Rz (N) Rx (N) Ry (N) Rz (N) Rx (N) Ry (N) Rz (N) 
1 17356 1 2065 17313 1 2081 0% 1% 1% 
2 428 28 4127 441 28 4159 3% 1% 1% 
3 937 653 4074 970 654 4106 4% 0% 1% 
4 2178 5438 4186 2247 5491 4217 3% 1% 1% 
5 -1045 6538 4209 -1085 6596 4240 -4% 1% 1% 
6 -706 1390 4073 -734 1394 4105 -4% 0% 1% 
7 -19178 69 2055 -19152 69 2070 0% 0% 1% 
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Table  2.4 Nodal reactions and displacement results for the Tornado Case 
 
Joint 
FEA Current Technique Difference % 
dx (m) dy (m) dz (m) dx dy dz (m) dx dy dz (m) 
2 1.641 2.690 -1.541 1.668 2.684 -1.542 2% 0% 0% 
3 2.732 2.881 -3.502 2.721 2.890 -3.502 0% 0% 0% 
4 -3.66 1.522 -3.604 -3.710 1.444 -3.631 -1% 5% -1% 
5 -2.951 -2.263 -2.509 -2.970 -2.244 -2.534 -1% -1% -1% 
6 -1.512 -1.831 -0.778 -1.508 -1.838 -0.791 0% 0% 2% 
 
Joint 
FEA Current Technique Difference % 
Rx (N) Ry (N) 
Rz 
(N) 
Rx (N) Ry (N) Rz (N) Rx (N) Ry (N) 
Rz 
(N) 
1 36448 1265 1928 37935 1324 1968 4% 5% 2% 
2 2720 4459 4085 2864 4595 4213 5% 3% 3% 
3 22163 23404 4036 22582 24000 4165 2% 3% 3% 
4 -19530 8309 2121 -20205 7856 2004 -3% -5% 6% 
5 -8100 -6196 4085 -8524 -6416 4216 -5% -4% 3% 
6 -1895 -2303 4058 -1972 -2393 4184 -4% -4% 3% 
7 -31805 -926 1995 -32681 -974 2039 -3% -5% 2% 
 
2.5 Conclusions 
A new technique is developed to analyze multi-spanned transmission line conductor 
systems under HIW. The technique divides the system at the conductor-insulator 
connecting points, where six unknowns appear: three reaction components and three 
displacement components. Six equations are required to solve for those unknowns. Three 
equations are derived by satisfying the moment equilibrium of the conductors and by 
equating the conductor length using two different approaches. The remaining three 
equations are derived by satisfying the moment equilibrium of the insulators. The 
resulting six equations are nonlinear and coupled. As such, an iterative technique is 
suggested to solve the governing equations. In this technique, equations that govern the 
longitudinal responses are solved in a coupled way while the rest of the equations are 
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solved sequentially. The proposed technique is the first that is based on a semi-closed 
form solution and is able to solve for a multi-spanned conductor systems subjected to 
varying loads in the transverse and vertical directions, while accounting for the insulator 
flexibility. Accuracy and efficiency of the technique are tested under two different cases 
of HIW. The technique showed good agreement in terms of the predicted reactions and 
displacements, when compared with FEA. The maximum difference in the displacement 
between the two methods is 4% for the downburst and 5% for the tornado cases. In terms 
of the reactions, a maximum difference of 5% for the downburst case and of 6% for the 
tornado case is found. The method shows a significant reduction in the computational 
time compared to FEA. The technique is shown to be 185 times faster than the FEA, for 
the considered cases. Analysis of transmission lines under HIW requires conducting a 
large number of analyses to capture the potential sizes and locations of these localized 
events. As such, a reduction in the computational time for each analysis becomes very 
important and useful for this type of application. 
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Chapter 3  
3 Closed Form Solution for the Reactions of Transmission 
Line Conductors under Downburst Winds 
3.1 Introduction  
Electricity is carried by Transmission Lines (TL) from sources of production to end 
customers. Transmission Lines (TLs) consist mainly of towers, conductors and insulators. 
Conductors, which are supported by the towers through the insulators, are responsible for 
transmitting the electricity. The economic losses associated with the failure of a TL do 
not only result from the repairing costs but also from the interruption of power, which can 
extend for few months. It is reported that High Intensity Winds (HIW), in the forms of 
downburst or tornadoes, are responsible for more than 80% of the weather-related 
failures of TLs worldwide (Dempsey and White 1996). A downburst is a strong 
downdraft that induces an outburst of damaging winds near the ground as described by 
Fujita (1990). In September 1996, Manitoba Hydro Company, Canada, reported a failure 
of 19 transmission towers due to a downburst event (McCarthy and Melsness 1996). In 
Australia, Li (2000) stated that downbursts are responsible for more than 90% of the 
weather-related failures. Shehata et al. (2008) conducted a failure study on a guyed 
transmission line subjected to downbursts.  They utilized the downburst wind field 
obtained by Kim and Hangan (2007) using a Computational Fluid Dynamics (CFD) 
simulation, in which the downburst was treated as an impinging jet. Their study showed 
that the most critical failure mode happens due to a downburst with a jet diameter, Dj, 
equals to twice the conductor span length, Lx, which is located at a radial distance , 
R=1.60 Dj, and an angle Ɵ=30o measured from the tower of interest, as shown in Fig. 3.1. 
This leads to a large differential tension between the conductor spans on the sides of the 
tower of interest which leads to a large longitudinal forces transmitted from the 
conductors to the tower. Design standards are now at an early stage of including HIW in 
the design of TLs. For example, the AS/NZS (2010) provides a map showing the areas 
where downbursts have to be included in the design. 
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Figure  3.1 Downburst Parameters 
The standard uses a uniform load to model the downburst effect on the conductor spans. 
Although, this can be used to reasonably obtain the transverse reactions, it does not allow 
for the prediction of the differential conductor tension between the spans, which was 
found to be important. The studies performed by El Damatty and Aboshosha (2012), 
Aboshosha and El Damatty (2013) and El Damatty et al. (2013) manifested the 
importance of accounting for the differential conductor tension while studying the 
downburst effect on the TLs. 
Finite Element Analysis (FEA) was utilized in most of the previous studies to predict the 
behavior or the failure of transmission lines under downbursts (Shehata el al. 2005, 
Shehata and El Damatty 2007, Darwish et al. 2010). Their studies showed that analyzing 
the conductors using FEA and predicting the critical longitudinal forces transmitted to the 
towers due to downburst loading is a time consuming task. This is due to the following: 
(1) Conductors are highly flexible structure elements. Therefore, their behavior under 
transverse loading associated with downbursts is highly non-linear due to the large 
deformations and the P-delta effect. (2) Since downbursts are localized events, their size 
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and location can vary, which lead to altering the loads acting on the conductors and 
consequently the transmitted forces from the conductors to the towers. As such, the 
determination of the maximum forces transmitted requires a long parametric study that 
involves altering the downburst size and location. 
Other than FEA, Irvine (1981) proposed a closed-form solution to obtain the reaction for 
a single spanned conductor, which is subjected to loads that can be fitted by a 3rd degree 
polynomial. Yu et al. (1995), also proposed a closed-form solution for a single spanned 
conductor subjected to high concentrated loads. However, both solutions do not consider 
the flexibility of the insulators, which  has a significant effect on the forces transmitted to 
the towers (Darwish et al. 2010). The method of the rolling span, proposed by 
Winkelman (1959), accounts for the insulator flexibility. However, it neglects the 
differences between the conductors’ tensile forces in the adjacent spans and, 
consequently, fails to predict the longitudinal forces transmitted to the towers. Ahmadi-
Kashani and Bell (1988) and Wie et al. (1999) developed cable elements that are able to 
simulate a whole span based on the analytical solution of elastic centenary. Modeling a 
whole span using those elements reduces the number of degrees of freedom significantly 
compared with discretizing the span using multiple regular cable elements. However, 
those elements were developed for uniform wind loads only, which is not the case for 
downburst winds. This motivated Aboshosha and El Damatty (2014) to develop a semi-
analytical technique to solve for the conductor reactions under a general non-uniform 
distribution of loading. Aboshosha and El Damatty (2014) showed that this technique is 
quite efficient and accurate in predicting the conductor’s response under downburst 
loading. The drawback of this technique is that it involves solving simultaneous nonlinear 
equations with a relatively large number of unknowns, and this requires an iterative 
technique. This might not be easy to handle by practitioner engineers. The first objective 
of the current study is to simplify this technique in order to reach a closed form solution 
that can used to calculate the forces transmitted from the conductors to the towers due to 
a downburst with a general size and location in space. The second objective is to focus 
the solution to calculate the longitudinal forces for the critical downburst case 
recommended for the line design by El Damatty et al. (2013). The margin of error 
resulting from the assumptions incorporated in the developed closed form solution is 
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quantified. The paper starts by laying down the mathematical formulations describing the 
problem and deriving the closed form solution step by step for both the transverse and the 
longitudinal reactions due to a general downburst configuration as shown in section 3.2. 
The closed form solution obtained in section 3.2 requires some factors that depend on the 
downburst size and location.  
 
Figure  3.2 Idealization of the multi-spanned conductor system: a) Aboshosha and El 
Damatty (2014) b) the current study, Distribution of the tensile forces:  c) 
Aboshosha and El Damatty (2014) d) the current study 
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These factors are obtained in section 3.3. In section 3.4, the formulation focuses on the 
critical downburst case that is responsible for inducing the maximum longitudinal 
conductor reaction and previously recommended for the line design. A parametric study 
is then conducted in section 3.5 to assess the accuracy of the closed form solution. 
Accuracy is estimated by comparing the reactions obtained from the closed form solution 
with the reactions obtained from non-linear finite element analyses. 
3.2 Formulation 
Based on how the conductors are supported, transmission towers can be classified into 
three categories: supporting towers, tension towers and end towers. For the supporting 
towers, conductors at both sides of the tower are supported by a single insulator to 
balance most of the tension forces between the two sides. This category of towers is used 
in the straight portion of the line and represents the majority of the towers. Tension 
towers are typically used when there is a change in the inclination of the line direction. 
Different than the supporting towers, conductors at both sides of the tension towers are 
supported by individual insulators. This arrangement leads to a resultant tension that 
needs to be resisted by the tower. Therefore, tension towers are typically stiffer than 
supporting towers. A tension tower can also serve as a stop-breaking tower resisting the 
tension force in the case of broken wires preventing the progressive collapse of 
supporting towers. End towers are used at the end of the TLs, which makes them 
subjected to a single-sided conductor tension. Similar to tension towers, end towers are 
stiffer than supporting towers due to the requirement of resisting the large unbalanced 
tension forces. In the current study, a closed form solution for the forces transmitted from 
the conductors to the towers is obtained for supporting and tension towers.  
Fig. 3.2(a) shows the idealization of a conductor system presented by Aboshosha and El 
Damatty (2014). The purpose of this model was to evaluate the transverse and 
longitudinal forces transmitted from the conductors to the intermediate tower under 
downburst loading (located at point no. 3 shown in the figure). As shown in the figure, 
three spans on both sides of the tower are modeled in order to estimate the conductor 
forces transmitted to the tower. This selection of the number of spans follows the 
recommendation of Shehata et al. (2005), which was proposed after conducting a 
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parametric study by varying the number of considered spans. They found no variation in 
the results in terms of reactions at the intermediate tower (at point no. 3) when further 
spans are considered. In the model shown in the Fig. 3.2(a), the insulators are represented 
using link elements and the pretension conductor forces are considered in the analysis. 
External loads applied to the model consist of the own weight of the conductors acting in 
the vertical plane together with the downburst loading acting in a transverse direction 
relative to the line (along y-axis shown in Fig. 3.2). The conductor’s tension forces vary 
along the six considered spans, as shown in Fig. 3.2(c), as well as the displacements 
(along x) of the five insulators (points 1-5). Therefore, there is a large number of 
unknowns in the system of equations describing the model. This system of equations is 
coupled and highly non-linear because of the significant flexibility of both the conductors 
and the insulators. Although Aboshosha and El Damatty (2014) proposed a technique for 
solving this system of multi-variable non-linear equations, the author believes that further 
simplifications are needed to come up with an analytical model that is simpler to solve 
and, hence, can be used by practitioner engineers. This requires developing a system that 
has less number of unknowns and can be decoupled without compromising the accuracy 
of the solution. To do so, two assumptions are made. The first assumption is in the 
idealization of the conductor system using the model shown in Fig. 3.2(b). Compared to 
the model shown in Fig. 3.2(a), insulators at nodes 1 and 5 are replaced by roller supports 
(instead of link members), while insulators as nodes 2 and 4 are replaced by linear 
springs. As noticed in Fig. 1(b), at the tower of interest (point 3), the exact stiffness of the 
insulator is still accounted for through the simulation of the insulator as a link member. 
Such an assumption will reduce the number of unknown tension forces to four (TLL, TL, 
TR and TRR) instead of six (Ti where i=1:6) as illustrated by Figs. 3.2(c, d). It also allows 
for decoupling of the tension forces in the left spans (TLL and TL) and in the right spans 
(TRR and TR), as will be discussed later in section 3.2.2. The second assumption is related 
to the downburst wind field. The field resulting from the CFD simulation conducted by 
Kim and Hangan (2007) is employed in the current study. This wind field has 
components in the transverse, y, and the vertical, z, directions. Shehata and El Damatty 
(2005), Darwish et al (2010) and Aboshosha and El Damatty (2013a) indicated that the 
vertical component is usually minor and, hence, can be neglected. Therefore, downburst 
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loads in the transverse y-direction are only considered in the current study. Due to the 
localized nature of downbursts, their wind field and consequently their associated loads 
vary in time and space. In the current study, a separation of variables between space and 
time is assumed for the downburst loading using Equation  3.1. 
2( , ) ( ). ( ) ( ).( )   yi py py i i ig s t g t f s g t a b s c s  
Equation  3.1 
where pyg : load intensity at point p which is the nearest point on the line to the 
downburst centre as illustrated in Figure 3.1, s: is the local axis that is equal to 0.0 and 
1.0 at the beginning and at the end of the conductor span i, respectively. ia , ib , ic : 
Polynomial constants for span i. 
A similar approach was adopted by Chen and Letchford (2004a,b), Chay and Albermani 
(2005) and Chay et al. (2006) and Kwon and Kareem (2009). The time dependent 
function, gpy(t), represents the load intensity at point p illustrated in Fig. 2, which is the 
nearest point on the line to the downburst centre. This point is typically subjected to the 
maximum load intensity from the downburst compared to other points on the line.  
As indicated by Equation  3.1, a second order polynomial is assumed for the spatial 
variation of the downburst loading along each conductor span. Fig. 3 shows a comparison 
between the downburst load acting on the conductor and extracted from a previous CFD 
data (Kim and Hangan 2007) for a downburst with jet diameter Dj=2.Lx located at R=1.6 
Dj and Ɵ=30o, compared with the load fitted using a second degree polynomial. The 
maximum difference between the two loads is found to be equal to 0.4%, which indicates 
that using a second order polynomial to represent the spatial variation of the loads is 
suitable. Expressions for the transverse reaction in the y direction, Ry3, and the 
longitudinal reaction in the x direction, Rx3,  at the tower of interest are derived in the 
following subsections. 
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Figure  3.3 Distribution of the downburst load for Lx/Dj=0.5, R/Dj=1.60 and Ɵ=30o 
3.2.1 The Transverse Reaction Ry 
 
Figure  3.4 Horizontal view of conductor span i 
The typical conductor span, i, illustrated in Fig. 3.4 is considered in the analysis. 
Displacements at the supporting points, s=0 and s=1.0, in the longitudinal x-direction, 
dxi-1and dxi, are allowed. By applying the moment equilibrium around z-axis at the end 
points "B" and "A", transverse reactions in the y direction at those points, RAyi, RByi, can 
be calculated as expressed by Equations 3.2 and 3.3, respectively. 
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   Equation  3.3 
The transverse reaction in the y direction at the tower of interest, Ry3, can be calculated 
by summing the reactions from the adjacent spans, RBy3 and RAy4, as indicated by 
Equation  3.4. The transverse reaction, Ry3, is expressed by the factor fy3. This factor 
depends on the distribution of the downburst load along the spans adjacent to the tower of 
interest (no. 3 and 4 in Fig. 2) and is expressed by Equation  3.5. 
3 4 3 3. . y y y y py xR RA RB f g L
 
Equation  3.4 
3 3 34 4 4
3 2 6 12 2 3 4y
a b ca b cf        Equation  3.5 
3.2.2 The Longitudinal Reaction Rx 
Expression for the longitudinal reaction at the tower of interest is obtained by conducting 
3 steps: (1) An expression for the tension force that developed inside a general span i, T i, 
is obtained in terms of the span’s end displacements. This is achieved by equating the 
conductor length  with the length calculated from the integral of the transverse-vertical 
profile. 
(2) Expressions for the tension in the left and right spans to the tower of interest, TL and 
TR, respectively, are derived by satisfying the equilibrium of the forces at nodes no. 2 and 
4, while employing the expression obtained in step 1 for the tension Ti. 
(3) Expression for the longitudinal reaction, Rx3, at the tower of interest is obtained by 
using the equilibrium of the forces at the tower of interest (node no. 3). Details about the 
steps involved to obtain the longitudinal reaction are discussed below. 
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3.2.2.1 Expression for the Tension Inside a Typical Span Ti 
Expression for the conductor tension, Ti, is obtained by equating the conductor length, Li, 
given by Equation  3.6 as a function of the span length Lx and the sag S, with the length 
obtained by integrating the transverse-vertical deformed profile of the conductor.  
. xiL L 
 
Equation  3.6
 
where 
2
2
8.1
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L
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Figure  3.5 Conductor Segment  
 
The length of an infinitesimal segment, dL, shown in Fig. 5, can be calculated as a 
function of the transverse slope dy/dx and the vertical slope dz/dx as indicated 
byEquation  3.7, which can be simplified as in Equation  3.8.  
2 2
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Equation  3.8 
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The derivatives dy/dx and dz/dx are required in the simplified integral and can be 
calculated by Equations 3.9.  
(
( )
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yi
i xi
Qdy s
d R
s
x
, ( ( ))   
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i ix
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d R
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x  
Equation  3.9
 
Such expressions are based on the assumption that no bending moment can be resisted by 
the conductor and, therefore, external bending moments along the deformed conductor 
are equal to zero. The derivatives dy/dx and dz/dx depend on the shearing forces, Qyi(s) 
and Qzi(s), which are expressed by Equations 3.10.  
2 3
( ) . .( . )
2 3
   i iy py iyi x
b s c ss RA g L a sQ  
 ( ) . . 0.5 xzi LQ s W s  
where w: the conductor weight
 
Equation  3.10
 
By substituting the shearing forces, Qyi and Qzi, and the derivatives, dy/dx and dz/dx, as 
from Equations 3.10 and 3.9, respectively, into the integral represented by Equation  3.8, 
the conductor tension, Ti, can be expressed by Equation  3.11.  
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Equation  3.11 
where: 
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3.2.2.2 Tension in the Left and Right Spans of the Tower of 
Interest, TL and TR 
Longitudinal reaction at the tower of interest, Rx3, can be calculated as the difference 
between the conductor tensions in the left span (no. 3), TL, and the right span (no. 4), TR, 
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relative to the tower of interest. By using the expression for the tension force given by 
Equation  3.11, tension in the left span, TL, can be expressed by Equation  3.12 as a 
function of the displacements dx2 and dx3, where TL0 is the tension in the left span 
considering zero end displacements (dx2=dx3=0) and can be calculated using Equation 
 3.13. The tension, TL0, expressed by Equation  3.13 is a function of the factor, fL, which 
depends on the distribution of the downburst load applied to the left span and is 
expressed by Equation  3.14. 
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Equation  3.14 
By expanding the tension TL expressed by Equation  3.12 using Taylor series, while 
considering the first two terms, tension in the left spans, TL, can be expressed by 
Equation  3.15. 
3 2
0.[1 ]2 ( 1)

 

x
L
x
L
dx dT T
L 
 
Equation  3.15 
The expression given for the tension in the left span to the tower of interest, TL, 
(Equation  3.15), includes the displacement at the towers no. 2 and 3, dx2 and dx3, 
respectively. The displacement dx2 can be replaced in the equation using information 
regarding the tension force developed in the far left spans to the tower of interest, TLL, 
and the spring stiffness at node 2, Kins2. This is achieved by conducting the following 4 
steps: 
(1) Insulator at point no. 2 is modeled using a linear spring. This allows expressing the 
displacement dx2, by Equation  3.16 as a function of the force resisted by the spring, Rx2. 
It should be mentioned that modeling the insulator by a linear spring neglects the 
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contribution of the longitudinal reaction, Rx2, in the resultant force, 2resR . The effect of 
such approximation on the solution accuracy is discussed in section 3.5. 
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Equation  3.16 
where Kins2: insulator stiffness which is equal to the 2 /resR v , v: insulator length, 2resR : 
resultant force in the insulator which is considered equal to Ryz2, Ryz2: resultant force in 
the insulator considering the vertical, Rz2 and the transverse components, Ry2 
2 2
2 2 2 yz z yR R R , 2 .z xR W L , 2 2. .y y py xR f g L . 
 
Figure  3.6 Equilibrium of the longitudinal forces (a) at point no. 2 (b) at point no. 3 
 
(2) By applying the equilibrium of the longitudinal forces as shown in Fig. 3.6(a), the 
resisted force, Rx2, is expressed by Equation  3.17 as a function of the tension in the far 
left spans to the tower of interest (1st and 2nd spans), TLL, and the tension in the left span 
to the tower of interest (3rd span), TL,  
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2  Lx LLR T T Equation  3.17 
(3) Tension in the far left spans to the tower of interest (1st and 2nd span), TLL, can be 
calculated using Equation  3.11, where i =1 or 2. By using the advantage that tension in 
the first two spans is constant, T1=T2=TLL, the term C, defined by Equation  3.18 will be 
also constant for the first two spans. 
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Equation  3.18 
The numerator in Equation  3.18 can be reduced as shown in Equation  3.19 as a function 
of the displacement dx2, only.  
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Equation  3.19 
By substituting Equation  3.19 into Equation  3.18, tension in the far left spans to the tower 
of interest (1st and 2nd spans), TLL, is expressed by Equation  3.20, where 0LLT , is the 
tension in the far left spans assuming no displacement at the point no.2 (dx2=0) and is 
expressed by Equation  3.21. The tension, TLL, expressed by Equation  3.21 is a function 
of the factor Lf , which depends on the distribution of the downburst load acting on the 
left spans and expressed by Equation  3.22. 
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Equation  3.22 
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 (4) By substituting Equations 3.20, 3.17 and 3.16 into Equation  3.15, tension in the left 
span to the tower of interest (3rd span), TL, can be expressed by Equations 3.23 as a 
function of the displacement at the tower of interest, dx3, only.  
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Equation  3.23 
Similarly, tension in the right span of the tower of interest (4th span), TR, can be 
expressed as a function of the displacement dx3 only using Equations 3.24. In these 
equations, Kins4, is the stiffness of the insulator at node no. 4 and is expressed byEquation 
 3.25, while 0RT  and 0RRT  are the tensions in the right span (4
th span) and in the far right 
spans (5th and 6th spans) to the tower of interest considering zero displacements dx4 and 
dx5, and are expressed by Equations 3.26 and 27, respectively. The tensions 0RT  and 0RRT
, are functions of the factors fR and fRR, which are expressed by Equations 3.28 ad 3.29. 
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Equation  3.24 
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where Ryz4: resultant force in insulator no. 4 considering the vertical, Rz4 and the 
transverse components, Ry4, 2 24 4 4yz z yR R R  , 4 .z xR W L , 4 4. .y y py xR f g L , where the 
factor fy4, is defined in the equation and is a function of the DPs. 
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3.2.2.3 Equilibrium of the Forces at the Tower of Interest (Node no. 
3) 
The longitudinal reaction at the tower of interest, Rx3, can be calculated as a function of 
the displacement dx3, using Equation  3.30, by applying the equilibrium of the forces as 
shown in Fig. 6(b). 
3 33 ( ) ( ) x R LT dx T dxR  Equation  3.30 
By considering the moment equilibrium of the insulator around y-axis at point 3’, shown 
in Fig. 6(b), displacement dx3 can be expressed by Equation  3.31 as a function of the 
longitudinal reaction, Rx3.  
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By substituting the displacement, dx3, from Equation  3.31, into Equation  3.30, the 
longitudinal reaction, Rx3, can be expressed by Equation  3.32.  
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Equation  3.32 
The longitudinal reaction, Rx3, given by Equation  3.32 contains the reaction, Rx3, in both 
sides of the equation. This is a result of P-delta effect associated with the link member 
used to model the insulator at the tower of interest. For the cases of relatively small wind 
loads, longitudinal reaction, Rx3, given by Equation  3.32, is found to converge using a 
single cycle starting from a zero value of Rx3. On the other hand, for the cases of higher 
wind loads, a small number of iterations may be required. In general it is found that 3-4 
iterations are enough to obtain a converged reaction solution.  
So far, expressions for the transverse, Ry3, and the longitudinal, Rx3, reactions at the 
tower are derived for an arbitrary downburst using Equations 3.4 and 3.32, respectively. 
In these equations, the effect of changing the downburst size and location are accounted 
for using the factors fyi, fLL, fL, fR and fRR. Those factors are calculated in the following 
section considering a wide range of downburst sizes and locations. 
3.3 Factors fyi, fLL, fL, fR, and fRR and the Wind Intensity gpy 
Due to the localized nature of downbursts, downburst parameters (DPs) illustrated in Fig. 
2 and represented by the event size, Dj and its relative location to the tower of interest, 
given by the polar coordinates (R and Ɵ), define the distribution of the forces along the 
conductor spans (Shehata and El Damatty 2007 and Aboshosha and El Damatty 2013a). 
Such DPs affect the factor fy3 defined by Equation 3.5 and required to obtain the 
transverse reaction at the tower of interest, Ry3, using Equation 3.4. Downburst 
parameters also affect the factors fy2 and fy4 defined by Equations 3.16 and 3.25 and are 
needed to obtain the stiffness of the linear springs, Kins2 and Kins4, at points no. 2 and 4, 
respectively. A general expression for the three factors, (fy2, fy3 and fy4), satisfying 
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Equations 3.5, 3.16 and 3.25 can be rewritten as indicated by Equation  3.33, where i=2, 3 
and 4. This indicates that a single graph can be generated and used to obtain the three 
factors using the DPs relative to the three towers 2, 3 and 4, as will be illustrated later in 
this section. 
1 1 1
2 6 12 2 3 4
i i i i i i
yi
a b c a b cf          Equation  3.33 
In addition to the factors characterizing the transverse reactions, DPs also affect the 
factors fLL, fL, fR and fRR, which are required in Equations 3.21, 3.13, 3.26 and 3.27 to 
calculate the tension in the far left spans, TLL, left span, TL, right span, TR, and the far 
right spans, TRR, of the tower of interest, respectively. A parametric study, summarized in 
Table  3.1, is performed to obtain the variation of such factors under different DPs. In the 
parametric study, a conductor averaged height of 0.025-0.075 Dj is considered. This 
represents a range of 25 to 75 meter for a typical downburst with 1000 m diameter. 
According to Hangan and Kim (2007), downburst peak velocity profile is fairly constant 
along the height of 0.025-0.15 Dj. The downburst wind field resulting from the 
Computational Fluid Dynamics (CFD) simulations performed by Kim and Hangan (2007) 
is utilized and scaled up by the technique described by Shehata et al. (2005) to obtain the 
forces acting on the conductor.  
The factors fyi, fLL, fL, fR and fRR are calculated using Equations 3.33,3. 22, 3.14 , 3.28 
and 3.29 and plotted as functions of the DPs as shown in Figs. 3.7-3.11, respectively. 
From the figures, for the cases of a zero downburst inclination, Ɵ, when the span length-
to-downburst diameter ratio, nL, approaches zero, the distribution of the loads becomes 
uniform along the entire spans and the five factors approach unity. 
Table  3.1 Summary of the parametric study 
Chosen Downburst Parameters (DPs) Value 
Span lengths Lx =nL.Dj nL= 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 
Radii R= nR .Dj nR=0.75, 1.0, 1.25, 1.5 and 2.0 
Angles Ɵ 0ᵒ, 15ᵒ, 30ᵒ and 45ᵒ 
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Figure  3.7 Variation of the factor fyi under different DPs 
 
Figure  3.8 Variation of the factor fR under different DPs 
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Figure  3.9 Variation of the factor fL under different DPs 
 
Figure  3.10 Variation of the factor fLL under different DPs 
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Figure  3.11 Variation of the factor fRR under different DPs 
That is similar to the case of normal wind, where the transverse reaction Ry3 is simply 
gpy.Lx and the longitudinal reaction Rx3 is zero. Also the figures show that as the angle Ɵ 
increases, the factors fRR and fR increase and the factors fLL and fL decrease, which 
induces more longitudinal Reaction, Rx3, as indicated by Equations 3.13, 3.21, 3.23, 3.24, 
3.26, 3.27 and 3.32.  
 
Figure  3.12 Ratio between Vpmax/Vj for different locations (R/Dj, Z/Dj) 
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Figure  3.13 Steps to calculate the reactions at the tower of interest 
The expressions given by Equations 3.4 and 3.32 together with the graphs in Figs. 3.7-
3.11, can be used to calculate the temporal reactions at the tower of interest at a time t. If 
the maximum temporal reactions are required, temporal wind intensity at the point p, 
gpy(t), can be replaced by the maximum intensity, gPymax. This maximum temporal 
intensity is a function of the maximum temporal velocity measured at point p, Vpmax, as 
expressed by Equation  3.34. The maximum temporal velocity, Vpmax, is a function of the 
jet velocity, Vj, the horizontal distance, R.Cos(Ɵ),  from  the  point  p  to  the  downburst 
centre and the vertical elevation of point p above the ground, Zp. In the current study, 
relationship between the velocity Vpmax and the jet velocity, Vj, is obtained from the CFD 
simulation by Kim and Hangan (2007) and plotted in Fig 12. This contour plot together 
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with Equation 34  can be used to calculate the maximum temporal intensity, gPymax, as a 
function of the jet velocity, Vj. 
 22 2max max max1 1. . . . . . . /2 2 Py d p d j p jg C D V C D V V V   
Equation  3.34 
where Cd: Drag coefficient of the conductor; D: facing area per unit length  
Consequently, the calculation of the maximum transmitted forces at the tower of interest 
for an arbitrary downburst, can be conducted using the contour plot given in Fig. 12 in 
addition to the graphs for the factors fy, fLL, fL, fR and fRR, given by Figs. 3.7-3.11. A 
summary of the steps required to predict those maximum forces is given in the flowchart 
presented in Figure  3.13.  
As mentioned earlier, the study conducted by El Damatty et al. (2013) recommended a 
critical case to be considered in the line design, with DPs (Lx/Dj=0.5, R/Dj=1.60 and 
Ɵ=30o). This case is responsible for the maximum longitudinal reaction and, hence, is 
investigated in the next section. 
3.4 Maximum Longitudinal Reaction, Rx3max  
In Figure  3.13, the steps required to calculate the reactions due to a downburst having 
arbitrary size and location are given. These steps can be simplified by focusing on a 
downburst with specific parameters (Lx/Dj=0.5, R/Dj=1.60 and Ɵ=30o) leading to 
maximum values of the longitudinal reaction. Under these parameters, the factors fy3, fLL, 
fL, fR, fRR, fy2 and fy4 are equal to 0.446, 0.000, 0.042, 0.517, 0.823, 0.096 and 0.890, 
respectively. By substituting those values into Equations 3.13, 3.21, 3.23, 3.24, 3.26, 3.27 
and 3.32, the maximum longitudinal reaction, 3 maxxR , can be calculated by Equation  3.35, 
where 3maxf is a parameter that depends on the sag to the span length (S/Lx), the 
conductor weight to the wind intensity (W/gpymax) and the span to the insulator length 
(Lx/v), and can be obtained from Fig. 3.14. It should be mentioned that the parameter, 
f3max, is calculated by conducting a parametric study while varying the sag to the span 
length (S/Lx) from 2-5%, the conductor weight to the wind intensity (W/gpymax) from 25 
to 400 % and the span to the insulator length (Lx/v) from 60- . These ranges are chosen 
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to cover most possible cases of conductors subjected to downburst wind. The case of Lx/v 
equal to  , represents the case of conductors supported by tension towers, where the 
insulator length is set to zero to prevent the interaction between the spans. 
3 max 3max max. .x py xR f g L  Equation  3.35 
Equation 3.35 and Fig. 3.14 can be used to calculate the maximum longitudinal reaction 
at the tower of interest for the critical case recommended by El Damatty et al. (2013). 
Equations 3.4 and 3.32 together with Figs. 3.7-3.11 can be employed to calculate the 
reactions under a downburst with arbitrary size and location. The accuracy of the 
reactions estimated under the case of a downburst with an arbitrary size and location and 
the specific case of maximum longitudinal reaction is investigated in the next section. 
 
Figure  3.14 f3max for the case of the maximum longitudinal reaction 
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3.5 Accuracy of the Proposed Solution 
The conductor system, whose properties are summarized in Table 3.2, is considered for 
assessing the accuracy of the proposed technique under both: (1) Downburst with 
arbitrary size and location (2) Downburst with size and location causing maximum 
longitudinal reaction. The reactions of this system are predicted employing the proposed 
method and also employing Finite Element Analysis (FEA) using the commercial 
program SAP 2000 (CSI 2008). Thirty two cases, summarized in Table 3.3, are used to 
investigate the accuracy of the solution under downburst with arbitrary size and location. 
For the critical downburst case causing maximum longitudinal reaction, eighteen cases, 
summarized in Table 3.4, are used. Conductor reactions obtained from the proposed 
closed form solution in both the transverse and the longitudinal directions, (R3ysol and 
R3xsol ), are compared with those obtained from the FEA, (R3yFEA and R3xFEA), 
respectively. 
 
Table  3.2 Properties of the considered conductor system 
Property Value 
Elasticity Modulus E(N/m2) 6.6 E10 
Weight W(N/m) 8.96 
Facing Area from the wind D (m2/m) 0.022 
Drag coefficient Cd 1.0 
Cross sectional Area (m2) 3.8E-04 
Insulator Length v(m) 3.0 
Average Height (m) 40.0 
Insulator length v (m) 1, 3 and 5 
Sag/Lx 2.0-5.0 % 
Generally, the results provided in Tables 3.3 and 3.4 indicate that the reactions obtained 
from the developed method are in a very good agreement with those calculated by FEA. 
As shown in the tables, the differences in the longitudinal reactions can be positive or 
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negative with no specific trend, but generally, the absolute differences increase with the 
decrease in the weight to wind load ratio, W/gpymax. 
Table  3.3 Comparison between the reaction calculated by the current method and 
those using FEA 
Case Lx/Dj R/Dj Ɵ W/g3max S/L RySol 
(kN) 
RyFEA 
(kN) 
RyDiff 
% 
RxSol 
(kN) 
RxFEA 
(kN) 
RxDiff 
% 
1 0.5 1.2 30 0.25 2.5% 9.32 9.68 -3.7% 7.765 7.421 4.6% 
2 0.5 1.2 30 0.25 5.0% 9.39 9.66 -2.8% 13.420 11.686 14.8% 
3 0.5 1.2 30 4 2.5% 0.58 0.60 -2.4% 0.052 0.049 5.0% 
4 0.5 1.2 30 4 5.0% 0.59 0.60 -1.8% 0.111 0.107 3.9% 
5 0.5 1.2 45 0.25 2.5% 4.66 4.76 -2.1% 8.087 8.585 -5.8% 
6 0.5 1.2 45 0.25 5.0% 5.81 5.94 -2.1% 18.560 16.557 12.1% 
7 0.5 1.2 45 4 2.5% 0.29 0.30 -3.0% 0.064 0.061 5.3% 
8 0.5 1.2 45 4 5.0% 0.36 0.37 -1.7% 0.155 0.145 6.6% 
9 0.5 1.6 30 0.25 2.5% 6.20 6.35 -2.2% 5.002 5.325 -6.1% 
10 0.5 1.6 30 0.25 5.0% 6.18 6.32 -2.2% 13.389 12.747 5.0% 
11 0.5 1.6 30 4 2.5% 0.39 0.40 -3.9% 0.044 0.042 4.8% 
12 0.5 1.6 30 4 5.0% 0.39 0.40 -2.4% 0.093 0.090 3.5% 
13 0.5 1.6 45 0.25 2.5% 2.73 2.77 -1.8% 3.929 4.168 -5.7% 
14 0.5 1.6 45 0.25 5.0% 2.73 2.77 -1.4% 11.520 10.001 15.2% 
15 0.5 1.6 45 4 2.5% 0.17 0.19 -7.4% 0.048 0.046 5.1% 
16 0.5 1.6 45 4 5.0% 0.17 0.18 -4.4% 0.090 0.083 8.2% 
17 1 1.2 30 0.25 2.5% 9.11 9.69 -6.0% 5.320 6.258 -15.0% 
18 1 1.2 30 0.25 5.0% 9.19 9.60 -4.3% 11.100 13.140 -15.5% 
19 1 1.2 30 4 2.5% 0.57 0.61 -6.3% 0.028 0.028 1.2% 
20 1 1.2 30 4 5.0% 0.57 0.60 -4.3% 0.087 0.089 -2.5% 
21 1 1.2 45 0.25 2.5% 6.34 6.84 -7.3% 6.430 7.534 -14.6% 
22 1 1.2 45 0.25 5.0% 6.42 6.79 -5.5% 18.820 20.940 -10.1% 
23 1 1.2 45 4 2.5% 0.40 0.43 -7.0% 0.040 0.039 2.3% 
24 1 1.2 45 4 5.0% 0.40 0.43 -5.7% 0.145 0.151 -4.0% 
25 1 1.6 30 0.25 2.5% 8.22 8.87 -7.3% 4.100 4.803 -14.6% 
26 1 1.6 30 0.25 5.0% 7.88 8.36 -5.7% 12.310 14.498 -15.1% 
27 1 1.6 30 4 2.5% 0.52 0.56 -7.4% 0.025 0.025 1.7% 
28 1 1.6 30 4 5.0% 0.49 0.52 -5.9% 0.079 0.081 -2.1% 
29 1 1.6 45 0.25 2.5% 4.23 4.24 -0.2% 4.395 4.835 -9.1% 
30 1 1.6 45 0.25 5.0% 4.27 4.34 -1.6% 13.887 15.225 -8.8% 
31 1 1.6 45 4 2.5% 0.26 0.28 -4.4% 0.036 0.035 2.8% 
32 1 1.6 45 4 5.0% 0.27 0.27 -2.4% 0.090 0.095 -4.6% 
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It reaches around 15% for the case of W/gpymax=0.25, which is a considerably small ratio. 
The longitudinal reactions calculated by the current method are slightly less than the 
reactions calculated by the FEA, with a maximum difference in the order of 7%. The 
differences in the transverse and in the longitudinal reactions are results of the 
assumptions employed in deriving the closed form solution. 
Given the uncertainty in the downburst wind field, the level of accuracy of this proposed 
technique is believed to be acceptable. The simplicity of this method in solving a 
complicated non-linear structure under a complex wind field is considered to be a 
significant advantage in the analysis and design of the lines to resist downbursts. 
Table  3.4 Reactions calculated for the case of (Lx/Dj=0.5, R/Dj=1.60 and Ɵ=30o) 
Case W/gPmax S/L v (m) RySol 
(kN) 
RyFEA 
(kN) 
RyDiff 
% 
RxSol 
(kN) 
RxFEA 
(kN) 
RxDiff 
% 
1 0.25 2.0% 1.0 6.20 6.25 -0.9% 20.01 17.37 15.1% 
2 0.25 2.0% 3.0 6.20 6.33 -2.1% 5.00 5.33 -6.1% 
3 0.25 2.0% 5.0 6.20 6.75 -6.7% 2.95 3.16 -6.8% 
4 0.25 3.5% 1.0 6.20 6.26 -0.9% 22.49 19.83 13.4% 
5 0.25 3.5% 3.0 6.20 6.35 -2.3% 12.52 11.72 6.8% 
6 0.25 3.5% 5.0 6.20 6.37 -2.6% 7.87 7.43 5.9% 
7 0.25 5.0% 1.0 6.18 6.23 -0.9% 17.36 16.58 4.7% 
8 0.25 5.0% 3.0 6.18 6.30 -1.9% 13.39 12.75 5.0% 
9 0.25 5.0% 5.0 6.18 6.33 -2.5% 10.51 10.14 3.7% 
10 4 2.0% 1.0 0.39 0.39 -0.9% 0.103 0.094 10.1% 
11 4 2.0% 3.0 0.39 0.40 -3.4% 0.044 0.042 4.8% 
12 4 2.0% 5.0 0.39 0.41 -5.9% 0.028 0.028 2.2% 
13 4 3.5% 1.0 0.39 0.39 -0.9% 0.134 0.128 4.8% 
14 4 3.5% 3.0 0.39 0.40 -2.3% 0.084 0.079 5.9% 
15 4 3.5% 5.0 0.39 0.40 -3.8% 0.062 0.059 5.1% 
16 4 5.0% 1.0 0.39 0.39 -0.9% 0.124 0.123 0.9% 
17 4 5.0% 3.0 0.39 0.39 -1.9% 0.093 0.090 3.5% 
18 4 5.0% 5.0 0.39 0.40 -2.9% 0.077 0.073 4.6% 
3.6 Conclusions 
A closed form solution, which can be used to calculate the forces transmitted from 
transmission line conductors to the towers under downburst loads, is developed in the 
current study. It is based on simulating the insulators to the right and to the left of the 
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tower of interest by a combination of roller supports and linear springs. The solution can 
predict the transmitted forces for a downburst with a generic size and location using a set 
of equations and charts. The solution is then focused on the downburst configuration 
causing maximum longitudinal reaction, which is recommended for the line design. The 
maximum longitudinal reactions are found to be dependent on three dimensionless 
parameters: the conductor sag-to-length ratio, the conductor weight-to-wind intensity 
ratio, and the span-to-insulator length ratio. Knowing these parameters, the maximum 
longitudinal reactions can be easily calculated using the developed technique. 
The accuracy of the technique is assessed by conducting a comparison to the results 
obtained using non-linear finite element analyses. Thirty two cases of downburst with a 
generic size and location and eighteen critical downburst cases corresponding to 
maximum longitudinal reactions are considered. 
The differences in the longitudinal reactions are found to be less than 15%, while it is less 
than 7% for the transverse reactions. The maximum differences occur for very light-
weight conductors subjected to strong wind with a weight to wind intensity ratio, 
W/gpymax, in the order of 0.25. 
The proposed solution is simple and reasonably accurate given the complexity of both the 
downburst wind field and the structural behaviour of the conductor system. The authors 
believe that it represents a practical and useful tool for practitioners involved in the 
design of transmission lines, particularly under downburst loads. 
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Chapter 4  
4 Aerodynamic Damping of Transmission Line 
Conductors under Downburst Winds 
4.1 Introduction  
Electricity is carried from the source of production to the consumers by transmission 
lines. Transmission lines consist of towers, conductors, insulators and ground wires. 
Conductors, which are supported by the towers through insulators, transmit the 
electricity. Ground wires are used as protection elements to transmit the electric charges 
to the ground in the case of lightening. Transmission lines usually travel long distances 
and pass through rural areas and covers a wide area hard to be missed by any local wind 
events. A failure in a transmission lines may require a long time to repair which can 
cause significant economic losses on top of the repairing costs. By reviewing many cases 
of transmission line failures around the world, it is revealed that most of the failures are 
related to High Intensity Winds (HIW) in the form of downburst or tornados. Li (2000) 
reported that more than 90% of transmission line failures in Australia resulted from 
downburst events that are usually associated with thunderstorms. In September 1996, 
Manitoba Hydro Company, Canada, reported a failure of 19 transmission towers due to 
downburst as reported by McCarthy and Melsness (1996). A downburst is a strong 
downdraft that induces an outburst of damaging winds near the ground as indicated by 
Fujita (1990). Many researchers studied the behaviour and the failure of transmission 
towers under downbursts. However, most of those studies were performed using static 
analysis. Those include the studies performed by Shehata and El Damatty (2007), 
Darwish and El Damatty (2011), Savory et al. (2001) and Shehata et al. (2005). Only, few 
studies were performed using dynamic analysis. Wang et al. (2009) studied the dynamic 
response of a high-rise transmission tower under a moving downburst. Wind fluctuating 
velocities associated with the downburst were generated numerically. Wind tunnel tests 
were performed to obtain the drag coefficient for different tower sections. The study 
showed only a minor dynamic effect of the downburst on the tower, owing to the 
relatively high natural frequency of the tower compared with the dominant frequency of 
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the event. This may not be the case for the conductors, which have lower natural 
frequencies. Loredo-Souza and Davenport (1998) performed wind tunnel tests of two 
single spanned conductors subjected to turbulent normal winds. Their study showed that 
depending on the amount of the aerodynamic damping, the resonant response can be as 
important as the background response. Battista et al. (2003) and Gani and Legeron (2010) 
also emphasized the importance of including the dynamic effects.  
On the contrary, the study conducted by Darwish et al. (2010) showed that the dynamic 
response is mainly due to the background component and the resonant component is 
minor. Two reasons might have led to such conclusions. First, wind velocity associated 
with downbursts can be decomposed into a non- stationary mean component and a 
fluctuating component. In the work done by Darwish et al. (2010), turbulent component 
was extracted from a real event and was assumed to be fully correlated along the 
conductor spans. Assuming a fully correlated turbulent component magnifies the 
background responses compared to the resonant responses. The second reason is related 
to the aerodynamic damping. Darwish et al. (2010) utilized the expression for the 
aerodynamic damping given by Davenport (1962) which is suitable for Normal Winds 
(NWs). This analytical expression does not account for the effect of increase in the 
conductor tensile forces and the conductor natural frequencies when subjected to a 
downburst. Neglecting these two parameters can exaggerate the aerodynamic damping 
and, consequently, unrealistically dissipate the dynamic excitation. Lin et al. (2012) 
studied a single span conductor subjected to 57 simulated downbursts. Although, most of 
their results were in the favor of neglecting the dynamic effects, some of their results had 
different trends, and therefore, the authors mentioned the need for further research.  
The present study focuses on developing an analytical expression for the aerodynamic 
damping under downburst winds. The study is divided into two main parts: In the first 
part (provided in section 4.2), analytical expression for the aerodynamic damping is 
derived considering the mean velocities associated with downbursts. The expression 
accounts for the damping variation with the change of the Downburst Parameters (DPs), 
including the downburst size and relative location to the conductor. It also accounts for 
the change in the conductor natural frequencies due to the change in the wind speeds. In 
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the second part (provided in section 4.3), a Computational Fluid Dynamics (CFD) 
technique is developed to model the Fluid Structure Interaction (FSI) between the wind 
and the conductor. Such a technique is utilized to assess the accuracy of the derived 
expression. The CFD technique was first validated by evaluating the aerodynamic 
damping of a conductor under Normal Wind (NW) and comparing the results with well 
established and widely accepted theoretical estimation. Then, the validated CFD 
technique is utilized in the 3rd part (provided in section 4.4) to assess the accuracy of the 
aerodynamic damping under downburst. 
4.2 Analytical Expression for the Conductor Aerodynamic 
Damping 
4.2.1 Aerodynamic Damping under Downburst Winds 
In this section, a derivation is performed to obtain the conductor aerodynamic damping 
under downburst wind. Wind velocities at a location "n" associated with a downburst can 
be decomposed into a non-stationary mean component, Vns(n,t),  and a fluctuating 
component, v(n, t) , as indicated by Equation 4.1. Only the mean component is considered 
in this study as it is the main responsible for the aerodynamic damping (Davenport 1962). 
This mean component is decomposed into the multiplication of two functions, as 
indicated by  Equation  4.2. The first function, ϕv(n), depends on the location while the 
second, Vns0(t), depends on time, similar to what was suggested by Chay et al. (2006) and 
Kwon and Kareem (2009). The time dependent function, Vns0(t), is defined as the 
velocity at the reference point 0, shown in Figure  4.1. Mean drag wind force, dF, applied 
on a small conductor length, dL, is a function of the mean wind velocity, Vns(n,t), and the 
conductor speed, Vc, as expressed by Equation  4.3. By expressing the event mean 
velocity, Vns(n,t), as the multiplication of the two functions and by eliminating the 
quadrature of the conductor velocity, wind drag force, dF, can be calculated using 
Equation 4.4. First term in Equation 4.4 represents the drag force due to mean velocity, 
Vns(n,t), while the second term is the force due to the aerodynamic damping, dFair, which 
can be expressed by Equation  4.5. The aerodynamic damping force, dFair, is a function of 
the conductor velocity,  V n, tc , which is equal to the modal velocity, Vcmod, multiplied 
with the value of the mode shape at the location "n", ϕ(n). By  summing  the  force,  dF, 
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along the whole conductor span, the total damping force due to the wind, Fairmod, can be 
calculated using Equation  4.6, where ϕy(n) is the mode shape component in the direction 
of wind. By equating the total damping force due to wind, Fairmod, with the damping force 
for a viscous damper, viscousF , expressed by Equation 4.7, an expression for the 
aerodynamic damping, airζ , under downbursts is obtained and is given by Equation  4.8. 
This expression shows a dependency of the aerodynamic damping on the mean velocities 
characterized by the velocity at point 0, Vns0(t), and the velocity distribution function, 
 V n . The expression also shows a dependency of the damping on the natural 
frequencies, f(t), which is a function of time in the case of downbursts. This is due to the 
change in conductor tension with the change of the downburst velocities. In the next 
subsection, an expression for the conductor tension is derived under different downburst 
sizes and locations. Such an expression is used to describe the change in the natural 
frequencies, f(t), with time. It is worth mentioning that, for the horizontal conductor 
modes, ϕy=ϕ, and under Normal Winds (NWs), mean wind speed and natural frequencies 
become time independent (Vns0(t)=Vns0, f(t)=f) and the velocity profile can be assumed 
uniform (ϕv(n)=1.0) As such, the expression for the aerodynamic damping under 
downburst winds, given by Equation  4.8, converges to the original expression under 
normal winds proposed by Davenport (1962) and given by Equation 4.9.  
 
Figure  4.1 Decomposition of the mean velocity 
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   nsV n, t V n, t v(n, t)   
where: n: Local coordinate attached to the conductor which varies 
between 0 at beginning of the conductor span to 1 at the end of the 
span and t is time 
 nsV n, t : Non stationary mean component 
v(n, t) : Fluctuating component 
Equation  4.1 
   ns ns0 vV n, t V t . (n)    Equation  4.2 
    2d ns c
1dF ρ.C .D. V n, t V n, t
2
   
Where:  
 ns0V t : Non-stationary mean velocity at a reference point 0 at time t 
Vc : Conductor speed 
Cd: Drag coefficient of the conductor 
D: Conductor projected area for the wind per unit length m2/m’ 
ρ: Air density 
Equation  4.3 
 
     2d ns d ns
1dF ρ.C .D.V n, t ρ.C .D.V n, t .V n, t
2 c
   
 
Equation  4.4 
   air d c ns0 VdF ρ.C .D.V n, t .V t . (n)  Equation  4.5 
       
1 1
2
airmod air y d ns0 cmod v y
0 0
F dF .L. n dn ρ.C .D.L.V t .V n . n .dn       
Equation  4.6 
viscous airDb c modF 4 .f . .V .m*    
Where: 
f: modal frequency 
Equation  4.7 
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airDb :damping ratio for the downburst wind 
m*: modal mass of the system which equals to m.L.  
1 2
0
n .dn , 
where m and L are the mass per unit length and the conductor 
length, respectively. 
 y n : Component of the mode shape in the direction of the wind 
   
1
2
v y2
d ns0 0
airDb 1
2
0
n . n .dn
C V (t)D
ζ =
4 m f (t).D
(n).dn
 





 Equation  4.8 
2
d ns0
airNW
C VD
 ζ =
4 m f .D


 Equation  4.9 
where 
airNW : damping ratio under normal wind 
4.2.2 Conductor Tension and Natural Frequencies under 
Downburst Winds 
As mentioned earlier, downbursts are non stationary events associated with time-
dependent mean velocities. Those time-dependent velocities lead to changing the tension 
force developed in the conductor with time and, consequently, altering both the conductor 
natural frequencies and the aerodynamic damping as implied from Equation 4.8. 
Therefore, this section focuses on developing expressions for the conductor tension force 
and the conductor natural frequencies when subjected to downbursts. Previous studies on 
the response of TLs subjected to downbursts (Shehata and El Damatty 2008, Darwish et 
al. 2010, Aboshosha and El Damatty 2013) indicated the importance of considering 
various potential downburst sizes and locations when studying the responses of the line. 
These studies also indicated that critical downburst size and location leading to maximum 
forces in the line are caused by high downburst radial velocities and not by vertical 
velocities. Conductor forces caused by the vertical velocities are usually minor and can 
be neglected when added to the conductor weight. As such, the effect of the vertical 
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velocities is neglected in the current study. Figure  4.2 shows a span of the conductor 
considered for the evaluation of the tension force.  The span is assumed to be subjected to 
transverse load associated with the radial component of the downburst, gy, and a vertical 
load due to conductor weight, W. As shown in Equation 4.10, the transverse load gy is 
expressed by a second degree polynomial.  
2
y 0yg (n) g .(a bn cn )  
 
where g0y: load intensity at node 0, which is calculated by 
2 2
0y d ns0 0
1g .C .V (t) .D.Cos( )
2
    
Equation  4.10 
where 0 : Inclination angle between the radial component at point 0 with the 
perpendicular on the conductor  
An expression for the tension force developed in the conductor span illustrated in  Figure 
 4.2 is conducted by equating the span length L, expressed by Equation  4.11, with the 
length calculated by integrating the transverse-vertical conductor profile using Equation 
 4.12. Expression for the length using Equation 4.12 requires information about the 
derivatives of the deformed shape, dy/dx, and dz/dx. Such derivatives can be expressed as 
functions of the shear forces as indicated by Equation 4.13. Relationships presented in 
Equation 4.13 imply that no bending moment can be resisted by the conductor along its 
length. Shear forces along the conductor can be calculated using Equation 4.14. By 
substituting such shear forces from Equation 4.14 into Equation 4.12 and equating the 
two conductor lengths (from Equation 4.11 and from Equation 4.12), expression for the 
tension force, Rx, is obtained as indicated by Equation 4.15. Tension force, Rx, expressed 
by Equation 4.15 is valid for any arbitrary downburst where its associated loads can be 
fitted with a second degree polynomial. The parameter, fy, utilized in Equation 4.15 and 
defined by Equation 4.16, accounts for the distribution of the downburst loads. 
2
x x 2
x
8 sL L . L 1
3 L
 
    
 
 
Equation  4.11 
where  
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Lx: Span horizontal projected length 
β: the ratio between the cable length L over the cable projected length Lx 
s: Sag length under its own weight 
2 21
x
0
1 dy 1 dzL dL L 1
2 dx
.
2
dn
dx
      Equation  4.12 
y
x x
z
Q Qdy dz(n) , (n)
dx R dx R
(n) (n)
 
 
where  
Qy(n), Qz(n): Shear force at n in y and z directions 
Equation  4.13 
2 3
2
y 0y y 0yy
1 bn cn(n) RA g a bn cn dn RA g .(a.n )
2 30
Q        
, 
xz
1(n) W.LQ .( n)
2
   
Equation  4.14 
where: RAy: The y-reaction at point A as illustrated by Figure  4.2 
   
1
zgyB
y x y y0 x
x 0
M a b cRA L . g n . 1 n .dn g .L .( )
L 2 6 12
       
MzgyB: The moment around z induced by the load gy at point B. 
 
2
y 0yy
x 0y
W1
f .gf
Rx .L .g
24 1
 
   
 
 
 
Equation  4.15 
 
22
y
216 3 1f a b c a.b a.c b.c
189 5 3
4
15
       Equation  4.16 
  
Figure  4.3 First two vibration modes for different vibration types
Figure  4.2 Conductor Layout 
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Irvine (1974) employed the linear theory to derive expressions for the natural frequencies 
and mode shapes of a sagged cable subjected to different tensile forces, and validated 
these expressions by experiments. Based on his findings, cable vibration modes can be 
classified into three types: out of plane modes, in-plane antisymmetric modes and in-
plane symmetric modes. Figure  4.3 illustrates the first two modes of each type. 
Expressions for such modes, ϕ(n),  are  given  by Equation  4.17. Irvine (1974) indicated 
that the cable frequencies are related to the cable axial stiffness. However, for 
transmission line conductors, this dependency becomes weak and natural frequencies can 
be expressed independently of their axial stiffness, as indicated by Equation  4.18. 
Expressions for the natural frequencies, given by Equation  4.18, are utilized in the current 
study to relate the natural frequency to the conductor tension. By substituting the 
conductor tension, Rx, from Equation 4.15 into Equation 4.18, natural frequencies can be 
estimated as a function of the mean wind velocity at node 0, as indicated by Equation 
4.19. The length, LF, required in this equation is defined in Equation  4.20, and represents 
the length which relates the 1st out of plane conductor natural frequency to the mean wind 
velocity at node 0, Vns0(t). The factor Cw(t) also required in Equation 4.19, is defined by 
Equation  4.21, and inclination angle of the average plane that contains the deformed 
conductor, ɑ, as illustrated in Figure  4.4. Such a factor approaches unity when the wind 
loads are much higher than the conductor weight. Expression for the natural frequencies, 
given by Equation 4.19, requires the factor fy to be known. Such a factor is affected by 
the distribution of the wind loads along the conductor. As mentioned earlier, studies 
conducted by Shehata and El Damatty (2007a), Darwish and El Damatty (2011), El 
Damatty and Aboshosha (2012) indicated that the distribution of the downburst load on 
the conductor depends on the Downburst Parameters (DP). Those DPs, illustrated in 
Figure  3.1, represent the event size and relative location to the conductor defined by the 
polar coordinates R and Ɵ. Therefore,  a parametric  study,  summarized  in Table  4.1, is 
performed to obtain the load distributions and consequently the factor fy. Downburst 
wind field resulting from the Computational Fluid Dynamics (CFD) simulation 
developed by Kim ad Hangan (2007) is utilized. The technique illustrated by Shehata et 
al. (2005) is used to scale-up the velocities obtained from the CFD simulation and to 
obtain the forces on the conductors. 
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Figure  4.6 shows the parameter, fy, for different DPs. The figure indicates that when the 
span length to downburst diameter ratio, nL, decreases, the factor, fy, approaches unity. 
This represents the case of uniform loading. The parameter, fy, can be obtained from 
Figure  4.6 and can be employed to calculate the natural frequency, fN(t), using Equation 
4.19. 
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where N* equals to N for out of plane modes, 2N for in plane anti-symmetric modes and 
2N+1 for in plane symmetric modes, and N is the number of the modes 
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where  
fy: Load shape factor given in Figure (4.7) 
LF: Length scale which relates the 1st out of plane conductor natural frequency to the 
wind velocity at the origin, Vns0(t). 
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Figure  4.5 Downburst Parameters 
 
Figure  4.6 Variation of the load shape factor, fy, with the Downburst Parameters 
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4.2.3 Conductor Aerodynamic Damping under Downbursts 
Natural frequencies, fN(t), given by Equation 4.19, can be substituted in Equation 4.9 to 
obtain the aerodynamic damping. However, the expression given by Equation 4.9 
requires knowledge about the horizontal component of the modes ϕy(n). Such a horizontal 
component is function of the conductor inclination angle, ɑ(t),  illustrated  in Figure  4.4. 
By using the relationship between the inclination angle, ɑ, and the factor Cw(t), shown in 
Figure 4.5, expressions for the horizontal component of the modes,  y n , is obtained is 
given in Equation  4.22. By substituting the horizontal component of the modes and the 
conductor frequencies obtained from Equations 4.22 and 4.19, respectively, into Equation 
4.9, expression for the aerodynamic is obtained as shown in Equation  4.23. This 
expression shows the dependency on the Integral, IN, defined by Equation  4.24. Such an 
integral is function of the DP and is obtained for the same DP summarized in Table 
4.1.Values of the integral are shown in Figures 4.7, 4.8 and 4.9. It is found that beyond 
the first mode, N>1, for the out-of plane modes, the integral IN becomes independent of 
mode number, N. It is also found that the integral is almost independent of N for all the 
in-plane modes. Figures 4.7, 4.8 and 4.9 show that the integral IN approaches unity for the 
small ratios of span length to downburst size, nL.  
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4.3 Evaluation of the Aerodynamic Damping by CFD  
In the previous section, a new analytical expression for the aerodynamic damping is 
derived. The accuracy of such expression needs to be assessed. Therefore, a technique 
based on CFD that is able to calculate the conductor damping is proposed in this section. 
Such a technique accounts for the Fluid Structure Interaction (FSI) that happening 
between the wind field and a vibrating conductor. Coupling between the wind flow and 
the structural deformation is considered by performing a dynamic analysis for the 
conductor and updating the conductor grids at each time step while solving for the wind 
flow using Navier-Stokes equations. In this manner, the response of a conductor placed in 
the wind is obtained and the aerodynamic damping from that response is evaluated as 
follows.  
Cross sections of the conductors usually do not have sharp edges. Therefore, their drag 
coefficient are dependent on the Reynold’s Number, Re, and the roughness of the section, 
as indicated by the ASCE 2010, Birjulin et al. (1960), Castanheta (1970), Engleman and 
Marihugh (1970), Richards (1965) and Watson (1955). Keyhan et al. (2013) performed 
CFD simulations to obtain the forces on a conductor subjected to gusty winds. The 
change of the drag coefficient, Cd, with the change of Reynolds number, Re, was 
considered. However, such a dependency on the Reynolds number, Re, further 
complicates the extraction of the damping from the obtained response, which is the main 
aim from this FSI technique. Therefore the Reynolds number dependency is neglected in 
the FSI technique. It should be mentioned that such a Reynolds number dependency can 
be accounted for while evaluating  the aerodynamic damping using Equation  4.8 by using 
a velocity-dependent drag coefficient, Cd(Vns0(t))  in the equation. Also, the developed 
analytical expression for aerodynamic damping can be used for a wider x-sections as long 
as the end-user is able to reasonably estimate the drag coefficients of the x-section under 
consideration. 
In order to remove the dependency of the drag coefficient on Reynolds number, Re, a 
square conductor is used instead for validation purpose. Since the square section has 
different drag coefficient than the conductor section, a scaling factor is introduced to the 
forces obtained from the square section. Such a scaling factor is equal to the ratio 
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between the drag coefficient of the conductor, which is taken equal to 1.0 as 
recommended by the ASCE 2010, and that of the square. Properties of the conductor 
considered in this study are summarized in Table 4.2.   
Table  4.2 Properties of the studied conductor 
Length, Lx 200 m 
Sag, S 10 m 
Weight, W 8.96 N 
Diameter, D 0.05  m 
End Tension, Rx 14.5 kN 
First Natural 
Frequency*, f1 
0.175 hz 
Modal mass, M1 91.3 N/(m/s2) 
*:  Natural frequency is calculated assuming no wind case 
 
4.3.1 CFD Technique to Obtain the Aerodynamic Damping 
CFD simulations are performed using the Large Eddy Simulation (LES) sub grid scale 
model originally proposed by Smagorinsky (1963) and modified by Geomano et al. 
(1991) to tune the model constant based on the flow dynamics. The commercial software 
package Fluent (2006) is utilized to solve the governing flow expressed by Equations 
4.25. Conductor velocity, Vc,, is introduced into the governing equations to account for 
the conductor movement. Solving the FSI for an entire span of a conductor placed in the 
wind using LES can be very time consuming. That is because LES requires grid meshing 
in the order of the conductor cross section which is very smaller than the length of an 
entire span, making the entire process computationally expensive. Therefore, CFD 
simulations are performed on a conductor segment similar to what was used by Keyhan et 
al. (2013). The segment length is taken equal to 4 times the conductor diameter, D, 
similar to that used by Ochoa and Fueyo (2004). Murakami and Mochida (1995) 
indicated the importance of using a three dimensional domain to accurately predict the 
drag coefficient using LES. Summary of the proposed technique that performs the FSI is 
given by the flowchart shown in Figure  4.10. From the flowchart, a User Defined 
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Function (UDF)  is developed as part this study and is integrated with the software 
FLUENT to solve for the conductor motion, which is treated as a single degree of 
freedom system considering the first out of plane vibration mode. Treating the conductor 
as a single degree of freedom system requires the modal force, modF(t) al , to be known. 
Such a modal force can be calculated by integrating the applied forces along the entire 
span as indicated by Equation  4.26. By assuming a full correlation among those forces, a 
scaling is introduced to the force obtained from the computational segment, segF(t) , in 
order to obtain the required modal force, modF(t) al , as indicated by Equation  4.27. 
Dimensions of the computational domain and the boundary conditions employed are 
shown in Figure 4.11. The domain length and width are chosen equal to 41D and 21D, 
respectively, to eliminate the effect of the boundary conditions on the flow near the 
conductor. The wall unit, y+, defined by Equation 4.28, is maintained less than 1.0 for all 
simulations. A number of 10 grids are used along the sides of the conductor to reasonably 
resolve the flow near the conductor. In order to resolve for the vortex shedding, dense 
grids are introduced near and behind the conductor with a grid size equal to D/10 as 
shown in Figure 4.11. Discretization schemes for the flow quantities and parameters of 
the utilized solver are summarized in Table 4.3. 
Employing the technique summarized in Figure  4.10 provides time history of the 
conductor responses. For the cases of a conductor subjected instantaneously to a steady 
wind, the displacement response shows damped oscillatory movement towards the static 
displacement. By fitting the peaks of such decaying response with the logarithmic 
decrement of damping, conductor aerodynamic damping can be calculated. For the cases 
where the wind is non-stationary, as in downburst, there is no single value for the 
aerodynamic damping. Therefore instead of comparing the aerodynamic damping, the 
resulting displacement response can be directly compared with that obtained by solving 
the equation of motion employing the aerodynamic damping that is suggested in the 
current study. If compatible responses are found, that means it validates the suggested 
expression for estimating the aerodynamic damping. 
Before the technique summarized in Figure 4.11 can be used to assess the accuracy of the 
suggested damping expression, the technique itself is examined by estimating the 
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aerodynamic damping of a conductor placed in a uniform steady wind and comparing the 
result with those obtained through well-established techniques as will be shown in section 
4.3.2. Once accuracy of the technique is confirmed, it is used to assess the accuracy of the 
suggested damping expression, as will be shown in section 4.3.3.  
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where 
 i=1,2,3 correspond to the directions x, y and z, respectively 
The over bar represents the filtered quantities 
ui, ugi ,p, t,τij and ν: fluid velocity, grid velocity, pressure, time, the 
SGS Reynolds stress and molecular viscosity coefficient, respectively.  
Sij, e ,  , sC ,: strain rate tensor, eddy viscosity, grid size, Smagorinsky 
constant which is determined instantaneously based by the Geomano 
identity in the dynamic model (Geomano et al., 1991). 
Equations  4.25 
 
modal x 1F(t)  =L . f (n). (n).dn
 
where 
f(n): wind force applied on a conductor segment dn  
1 (n) : value of the first mode shape at n 
Equation  4.26 
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where: 
L, Lseg: the conductor actual length and the conductor segment 
length in the CFD model 
Equation  4.27 
p py .Vy 

 
 where 
yp: Distance to the conductor from the first grid 
Vp: Velocity at the first grid point 
ν: Kinematic viscosity 
Equation 4. 4.28 
Table  4.3 Discretization schemes and solution technique for the CFD simulations 
Parameter Type 
Time discretization Second order implicit 
Momentum discretization Bounded central difference 
Pressure discretization Second order 
Pressure-velocity Coupling Pressure-implicit with splitting operators (PISO) 
Under Relaxation Factors 0.7 for the Momentum and 0.3 for the  Pressure 
 
  
 
Figure  4.10 Schematic of the utilized technique to perform the FSI
Figure  4.11 the CFD Domain and its Meshing 
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4.3.2 Simulating the Conductor under a Steady Uniform Winds 
The conductor, whose properties are summarized in Table 4.2, is subjected to a uniform 
steady winds with a speed equals to 5.0 m/s. That corresponds to a Reynold’s number, 
Re, with the order of 1.4E4. Non dimensional time step t*=t.V/D=0.1 is used to maintain 
the convergence, where t is the physical time step, V is the wind velocity=5m/s and D is 
the conductor diameter. The simulation is performed first on a stationary conductor to 
assess the quality of the employed grid, and then used for the movable conductor. The 
simulation is performed using the super computer facility available at Western 
University, SharcNET. Simulation for the stationary conductor employed 8 CPUs 
working for 6.5 hrs in order to solve for 6,500 time steps while simulation for the 
movable conductor, using the same number of CPUs, consumed 45 hrs in order to solve 
for 30,000 time steps. Simulation for the movable conductor consumes more time per 
time step because of updating the conductor grids. 
 The results of the stationary conductor are obtained in terms of the total drag force, Fx(t). 
CFD simulation is continued until the drag force is statistically converged. Such a drag 
force, Fx(t), is scaled to obtain the drag coefficient, Cd(t), defined by Equation  4.29. 
Figure  4.12-a shows the variation of the drag coefficient with time. The mean,  dC , and 
r.m.s,  dC , drag coefficient are obtained equal to 2.2 and 0.18.  
Table 4.4 compares the obtained mean and r.m.s coefficient with those from the 
literature. Both of the mean and r.m.s. drag coefficients fall within the published range in 
the literature, which gives a confidence on the employed grid. Figure  4.12-b, c. show the 
contour plots of the instantaneous velocity and vorticity normalized by the incoming 
velocity, Vinc, and the conductor width, D, after reaching the converged state. From both 
figures, it is clear that the wake structure behind the conductor is well resolved. 
For the movable conductor, the results are obtained in terms of the conductor 
displacement response, which is represented by the continuous line in Figure  4.13. As 
predicted, the displacement response experiences a damping due to the conductor 
movement in the wind. A curve fitting for the displacement peaks is performed using the 
Logarithmic decrement of damping, given by Equation  4.30, as represented by the dotted 
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line in Figure  4.13. The predicted aerodynamic damping, CFD , is found equal to 6.94%. 
The theoretical estimation using Equation  4.9 proposed by Davenport (1962), Th , is 
found equal to 6.84% with a difference 1.5% with that predicted by the CFD. Such a 
small difference indicates the capability of the CFD technique to accurately estimate the 
aerodynamic damping. 
x
d
2
seg
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1 .V .D.L
2

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Equation  4.29 
Where: 
 , segL : air density and conductor segment length, which is taken =4D 
d2πζ t
mean 0x(t) x x .e  
    
Equation  4.30 
where 
 X0, Xmean: Displacment amplitude and the mean displacment, d : Damped radial , 
frequency 2d 0(t) . 1    , 0 : Radial natural frequency 
Table  4.4 the mean and RMS drag coefficient of a stationary square cylinder 
Reference   dC    dC  
Itoh and Tamura (2007) 2.05 0.25 
Murakami and Mochida (1995). 2.05 0.12 
Bearman and Obasaju (1982) 2.19 0.14 
 Ochoa and Fueyo (2004) 2.01 0.22 
Current study 2.15 0.23 
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Figure  4.12 Results of the stationary conductor a-time history of the Drag 
Coefficient Cd b-instantaneous velocity contours c-instantaneous vorticity contours 
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Figure  4.13 Fitting the peaks of the response with the logarithmic decrement of 
damping 
4.3.3 Simulating the Conductor under Downburst Winds 
As the technique, illustrated in Figure 10, showed reasonable accuracy of estimating the 
aerodynamic damping and the conductor response under a steady wind, it is used in this 
section to obtain the conductor response under downburst winds. Velocities associated 
with a downburst can be decomposed into a non-stationary mean component and a 
turbulent component. Mean component is extracted from the CFD simulation performed 
by Hangan and Kim (2007) and scaled by the technique described by Shehata et al. 
(2005) to represent an event of 500 m diameter with a jet velocity equals to 45m/s. 
Distance, R, and angle Ɵ, which defines the relative location between the downburst and 
the conductor, illustrated by Figure  3.1, are chosen to be 550 m and 0.0ᵒ, respectively. 
This represents the location that induces maximum conductor loads as indicated by Kim 
and Hangan (2007). Figure  4.14 shows a time history of the mean downburst velocity 
component at the conductor midpoint. The figure shows that the mean velocity needs 
approximately 250 seconds to pass the conductor. Simulating the entire 250 seconds 
using LES requires large computational demands. Therefore, only 80 seconds near the 
peak mean velocity, represented by the dotted line in Figure  4.14, are chosen the 
simulation. Turbulent velocity component is generated using the method indicated by 
Chen and Letchford (2004a,b) and Chay et al. (2006), where an evolutionary power 
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spectral density is used to describe the variation of the turbulent component along the 
time. Power Spectral Density (PSD) of von Karman spectrum is normalized and used in 
generating the fluctuating components. Turbulent Intensity is taken equal to 11% which 
is compatible with those reported by Holmes et al (2008) and Chan et al (2008) for real 
events. A cut off frequency equals to 0.5 hz is used in generating the turbulent 
component. Such a frequency is checked to be greater than the frequency of the 1st out of 
plane conductor mode, f1, which is calculated using Equation  4.19, and illustrated by 
Figure  4.15. The generated turbulent component is added to the mean component in order 
to obtain the total velocity at the span midpoint, as shown in Figure 4.16. CFD simulation 
is performed for the 80 seconds shown in Figure 16. The simulation consumed 312 hours 
to solve for 640,000 time steps utilizing 24 CPUs. The results are obtained in terms of the 
displacement response and are plotted using the continuous line shown in Figure  4.17. 
Such a response represents the total displacement response which can be decomposed 
into a mean component, a background component, and a resonant component. Resonant 
component, xr(t), is the only component affected by the aerodynamic damping. 
Therefore, such a component is extracted and plotted using the dotted line shown in 
Figure  4.17. The extraction is performed by calculating the summation of the mean and 
the backgrounds component, ( )m bgx t , as indicated by Equation  4.31, and subtracting it 
from the total response. The proposed expression for the aerodynamic damping, given by 
Equation 4.18, is utilized to obtain the aerodynamic damping. The obtained aerodynamic 
damping shows variation with the time due to the change of the incoming mean velocity, 
as shown by Figure 18. The obtained damping is utilized in calculating the conductor 
response using step by step Newmark’s method. More details about Newmark’s method 
can be found in Bathe (1996). The total displacement response resulting from Newmark 
method is plotted by the dashed line in Figure 4.17. The resonant component is also 
extracted from the total response using the same way that is employed with the CFD 
results. Resonant displacement component is plotted using the dot-dashed line shown in 
Figure 4.17. It is clear from Figure 4.17 that both the total and resonant displacement 
resulting from employing the proposed aerodynamic formula in Newmark method and 
those resulting from the CFD have an excellent agreement. Such an agreement indicates 
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the capability of the proposed formula for predicting the aerodynamic damping under 
downburst winds. 
2
x v
m bg
1
.V (t).D.L .I1x (t)
2 K (t)



  
Where: 
1
2
v v 1
0
2I . (n).dn       
K1(t): modal stiffness for the first mode =(2.π.f1(t))2.M1, M1: 
modal mass for the first mode =91.3 N/(m/s2) 
Equation  4.31 
 
Figure  4.14 Time history of the non-stationary mean velocity component at the 
conductor midpoint 
 
Figure  4.15 Variation of the 1st natural frequency with time 
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4.4 Conclusions 
An expression for the aerodynamic damping of a transmission line conductor subjected to 
downburst winds is analytically derived. The new expression accounts for the temporal 
variation of the natural conductor frequencies due to the temporal changes in the mean 
wind velocities. Such a variation does not appear in the case of normal winds, where 
wind velocities have a stationary mean component. Accounting for the temporal variation 
of the natural frequencies is performed by, first, deriving an expression for the conductor 
tension, and then, relating the conductor frequencies to such tension. The derived 
expression for the aerodynamic damping accounts for different downburst sizes and 
relative locations to the conductor. In order to assess the accuracy of such an expression, 
a CFD technique that is able to obtain the response of a conductor placed in the wind, is 
developed. Such a technique accounts for the Fluid Structure Interaction (FSI) between 
the wind and the conductor by allowing the conductor grids to move inside the wind 
domain. This CFD technique is used first to obtain the response of a conductor, which 
moves from rest, when subjected to a uniform steady wind. The conductor responds 
dynamically to the wind forces, with a damped motion. By fitting the peaks of that 
damped motion, aerodynamic damping of the conductor is estimated. The estimated 
damping shows good agreement when compared with the theoretical damping proposed 
by Davenport (1962), which validates the ability of the developed CFD technique to 
obtain the FSI between the wind and the conductor. The developed CFD technique is 
then utilized to assess the accuracy of the proposed aerodynamic damping expression 
under downburst winds. Since, there is no single value for the aerodynamic damping 
under downburst winds, conductor responses obtained from the CFD are compared with 
those using typical dynamic analysis, employing Newmark method, where the damping is 
obtained from the proposed expression. Compatible results are found between the 
responses obtained from the CFD and those obtained using dynamic analysis employing 
the proposed damping expression. Such results indicate the capability of the proposed 
expression of estimating the aerodynamic damping under downburst winds.  
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Chapter 5  
5 Assessment of Dynamic Effect for Transmission Line 
Conductors under Downburst and Synoptic Winds 
5.1 Introduction  
Transmission lines (TLs) are used to carry electricity from sources of production to the 
distribution system. They consist of towers, conductors, ground wires and insulators. 
Conductors, which are responsible for transmitting the electricity, are supported by the 
towers through insulators. Ground wires are used as protection elements to transmit 
electrical charges to the ground in case of lightening. Transmission lines have been 
always designed to withstand forces induced by synoptic wind events. However, High 
Intensity Winds (HIW), in the form of downbursts or tornadoes, have not been typically 
considered in the design of the towers. By reviewing many cases of transmission line 
failures worldwide, it is revealed that more than 80% of weather-related failures of TLs 
are attributed to HIW as indicated by Dempsey and White (1996).  Li (2000) reported 
that more than 90% of transmission line failures in Australia resulted from downburst 
events that are usually associated with thunderstorms. Dempsey and White (1996) also 
emphasized the possibility of multiple towers failure that could be triggered due to failure 
of a single tower. Failures that happened in Manitoba, Canada, in September 1996 and 
reported by McCarthy and Melsness (1996) represent a manifestation for this type of 
multiple towers failures. A downburst is a strong downdraft that induces an outburst of 
damaging winds near the ground as stated by Fujita (1990). Previous failure studies 
performed by Savory et al. (2001), Shehata and El Damatty (2008) and El Damatty and 
Aboshosha (2012) on different transmission towers subjected to downburst loading 
revealed the importance of including wind forces acting on the conductors. Most of the 
previous attempts to analyze the behaviour or the failure of transmission lines under 
downburst were performed using quasi-static analysis, assuming no dynamic effects and 
no interaction between the line components and the wind load (Savory et al. 2001 and 
Shehata et al. 2005, Shehata and El Damatty 2007, Darwish and El Damatty 2011). This 
assumption can be justified for typical towers with fundamental frequency in the order of 
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1 Hz or more (Holmes et al. 2008).  However, this might not be the case for conductors 
which might be dynamically excited because of the proximity of their natural frequencies 
to the frequencies of the wind turbulence. Few attempts were done to investigate the 
dynamic response of the conductors. Loredo-Souza and Davenport (1998) studied the 
response of a single spanned conductor system subjected to synoptic winds. Their study 
showed that, depending on the amount of aerodynamic damping, the resonant response 
can be as important as the background response. Researchers such as Battista et al. 
(2003) and Gani and Legeron (2010) emphasized the importance of considering the 
dynamic effects. On the other hand, the study conducted by Darwish et al. (2010) for 
downburst loading reported that the dynamic response was mainly due to the background 
component, while the resonant component had a minor effect. Two reasons could be 
behind their findings. The first reason is related to the assumption made regarding the 
spatial distribution of the turbulent component. The wind field velocity associated with 
downbursts can be decomposed into a non- stationary mean component and a fluctuating 
turbulent component. In the study done by Darwish et al. (2010), the turbulent 
component was extracted from a real downburst event and was then assumed to be fully 
correlated along the conductors’ spans. This assumption will tend to magnify the 
background responses compared to the resonant responses. The second reason is related 
to the estimation of the aerodynamic damping. Darwish et al. (2010) utilized the 
expression for aerodynamic damping derived by Davenport (1962), which is suitable for 
synoptic winds. This expression requires additional modifications to account for the 
increase of the conductor's tensile force and the consequent increase in the conductor 
natural frequencies when subjected to a downburst. Neglecting this effect exaggerates the 
aerodynamic damping and tends to attenuate the dynamic excitation. Lin et al. (2012) 
studied a single span conductor subjected to 57 simulated downbursts. Although most of 
their results were in favor of neglecting the dynamic effects, some of their results were 
not, and therefore the authors stated the need for additional research. In the current study, 
dynamic analyses are performed to investigate the response of two different conductor 
systems under both downburst and synoptic winds considering different wind velocities 
and different length spans. The objective of the study is to assess the importance of 
including the dynamic effect when predicting the response of the conductors under both 
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synoptic and downburst wind loading. Specifically, the paper focuses on the prediction of 
the transverse and longitudinal forces transmitted from the conductors to the tower due to 
these types of loading. The study considers the two conductor arrangements shown in 
Figs. 5.1a and 5.1b. The configuration shown in Fig. 5.1a represents the case of adjacent 
conductors not sharing a single insulator. In this case, modeling of a single span is 
sufficient to predict the response of the conductors. On the other hand, Fig. 5.1b 
represents the case where adjacent conductors share the same insulator. Modeling 
multiple conductors is needed in this case because of their mutual interaction. For such 
cases, and according to Shehata et al. (2005), modeling six conductor spans, three from 
each side of the tower of interest, is sufficient to obtain accurate prediction for the forces 
transmitted from the conductors to the tower. 
  
 
Figure  5.1 Insulator used in different systems: (a)-single spanned, 
Wikipedia:http://en.wikipedia.org/wiki/Baltic_Cable (b)-six spanned, 
http://www.electrotechnik.net/2010/01/back-flashovers-introduction.html 
The paper starts by providing a description for different systems of conductors that are  
considered in the study. In addition, a detailed description of the downburst and synoptic 
wind fields is provided. Various steps applied to perform dynamic analyses and to obtain 
peak responses are then described. These steps include: (i) conducting a non-linear static 
analysis for the conductor system to obtain the conductor’s time-dependent tension forces 
and displacements due to the running-mean wind velocities. These tension forces and 
displacements are used to calculate the time-dependent stiffness of the conductor, (ii) 
conducting a linear dynamic analysis under wind turbulence to calculate peak dynamic 
responses including resonant and background components using the time-dependent 
stiffness obtained in step (i), (iii) conducting a linear quasi-static analysis under wind 
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turbulence to determine the background component alone. The results of the dynamic 
analysis are then presented and discussed. Finally, conclusions and recommendations 
obtained from this study are provided. 
5.2 Description of Different Cases Considered in the 
Analysis   
A total of twelve different analysis cases are considered in this study for single-span and 
multiple-span conductor systems having properties summarized in Table  5.1. The twelve 
considered cases cover three loading scenarios: (i) four cases of downburst winds that 
cause maximum longitudinal reactions (ii) four cases of downburst winds that cause 
maximum transverse reactions (iii) four cases of synoptic winds.  
Table  5.1 Properties of the conductor systems 
Property Value 
Span Length Lx (m) 300 and 500 m 
Sag Length S (m) Lx/30 
Elasticity Modulus E(N/m2) 5.2E10 
Weight W(N/m) 17.92 
Projected Area in the wind direction (m2/m) 0.022 
Drag coefficient Cd according to the ASCE:74 (2010) 1.0  
Cross sectional Area (m2) 0.7E-04 
Insulator Length v(m) 4.0 
Average elevation (m) 43.0 
Initial Tension T0 =W.Lx2/8.S  (kN) 20 
The cases of downbursts that cause maximum longitudinal and transverse reactions are 
chosen based on the recommendation of El Damatty et al. (2013) as will be discussed 
later in this section. For each of the three wind scenarios, the four considered cases cover 
two different mean wind velocities and two different span lengths. A summary of all 
considered cases is provided in Table 5.2. The mean wind velocity is selected as a 
variable in the parametric study since it is expected to affect the aerodynamic damping, 
which is the main source of attenuation for the resonant component as indicated by 
Loredo-Souza and Davenport (1998). At the same time, by varying the span length, the 
portion of the conductor affected by the correlated turbulence is expected to change and, 
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consequently, the magnitude of the fluctuating components (background and resonant) 
will change. These components are influenced by the turbulent length scale in the 
transverse direction, Luv, as will be discussed in detail in section 3.1. In the following 
subsections, the considered wind fields, including both the mean and turbulent 
components are presented. 
 
Table  5.2 Studied cases 
Case 1 2 3 4 5 6 7 8 9 10 11 12 
Type* Dbx Dbx Dbx Dbx Dby Dby Dby Dby Sy Sy Sy Sy 
Lx (m) 300 300 500 500 300 300 500 500 300 300 500 500 
Vref (m/s) 40 20 40 20 40 20 40 20 40 20 40 20 
Dbx, Dby: Downburst case for the maximum longitudinal reaction Rx (D=2.0 Lx, R=1.60 Dj and Ɵ=30o) and 
transverse reaction Ry (D=2.0 Lx, R=1.20 Dj and Ɵ=0o) 
Sy: Synoptic  winds 
Vref: Reference mean velocity  
 
 
Figure  5.2 Downburst parameters Dj, R and Ɵ 
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5.3 Mean Wind Velocities 
Wind velocities associated with downbursts and synoptic winds can be decomposed into 
a mean and a fluctuating component. However, the mean component associated with 
downbursts is different than that of synoptic winds because of its time and spatial 
dependency. As a result of the time dependency, it is usually named the “running-mean” 
or the “non-stationary mean” (Holmes et al. 2008, Kown and Kareem 2009).  In the 
current study, the running-mean component of downbursts is extracted from the CFD 
simulation performed by Hangan and Kim (2007), based on the analogy between a falling 
downburst and a jet impinging to a wall (Fujita,  1985). In the CFD simulation, Unsteady 
Reynolds Averaged Navier Stoke’s (URANS) equations were solved together and the 
turbulence was accounted for using the Reynolds Stress Model (RSM). The running-
mean component obtained from the CFD simulation is then scaled-up using the technique 
proposed by Shehata et al. (2005) to account for different event sizes and jet velocities. 
The mean component is evaluated at 10 points along each conductor span to account for 
the spatial variation. As indicated by Shehata and El Damatty (2007) and Darwish and El 
Damatty (2011), the running-mean velocities acting on the conductor are functions of the 
event size, Dj, and the downburst location relative to the conductor, which is identified by 
the polar coordinates, R and Ɵ shown in Fig. 5.2. According to El Damatty et al. (2013), 
an event having a jet diameter Dj= 2 Lx and coordinates R= 1.60 Dj and ϴ = 30o relative 
to the tower leads to peak longitudinal reactions at that tower. Similarly an event with the 
same diameter but with relative coordinates R=1.20 Dj and ϴ= 0o leads to peak transverse 
reactions. In the current study, the considered downburst scenario referring to peak 
longitudinal reactions is named Dbx, while that referring to peak transverse reaction is 
named Dby as indicated in Table 5.2.  Table 5.2 also summarizes the reference velocity, 
Vref, considered in each case. This reference velocity, Vref, is taken as the maximum 
running-mean velocity at the nearest point to the downburst centre (point “p” shown in 
Fig. 5.2). For the downburst cases, two reference velocities of 20 and 40 m/s are 
considered. For comparison purposes, the same two reference velocity values are 
assumed in the synoptic wind cases, where the mean velocities are time-independent in 
such cases.  
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5.4 Fluctuating Wind Velocities 
The fluctuating wind velocities for both downbursts and synoptic winds can be generated 
numerically using the technique described by Chen and Letchford (2004) and Chay et al. 
(2006). This technique is general, which means that it can be applied for downburst 
winds with running-mean velocities and also for synoptic winds where the mean 
velocities are time independent. In this technique, the Power Spectrum Density (PSD), 
which describes the energy of the wind fluctuations in the frequency domain, proposed 
by von Karman (1948), is used to synthesize non-scaled turbulent velocities. These 
turbulent velocities are scaled using a modulation function. A time dependent modulation 
function is chosen for the case of downbursts while a constant function is employed for 
synoptic winds. This is done to account for the time variation of the turbulent fluctuations 
with the change of the mean velocity values. The employed modulation function is taken 
equal to the product of the turbulence intensity, I, and the mean velocity similar to Chay 
et al. (2006). The study conducted by Holmes et al. (2008) showed similarity between the 
spectra of the synoptic and the downburst winds. As such, von Karman's PSD is used in 
this study for both wind types. The turbulent length scale, Lu, which is required for the 
PSD of Von Karman, is taken equal to the event size, Dj, similar to the assumption made 
by Chay et al. (2006) for the downburst cases. Accurate estimation of the turbulent length 
scale, Lu, associated with downbursts requires additional research. For the cases of 
synoptic wind, the turbulent length scale, Lu, is calculated employing the approximate 
relationship Lu=Luv/0.3, where Luv is the turbulent length scale of the longitudinal 
fluctuations, u, along the transverse direction v. The length scale, Luv, is considered equal 
to 52 m according to ASCE:74 (2010) assuming an open terrain. Correlations among the 
fluctuating components are introduced based on the coherency decay function proposed 
by Davenport (1986) using a coherency decay constant equal to 10, which is suitable for 
structural design purposes. The turbulent intensity is found to be in the order of 10% in a 
real downburst event as indicated by Holmes et al. (2008). For the case of synoptic 
winds, the turbulent intensity is found to be 14% according to the AS/NZS:7000 (2010). 
A single averaged value of 12% is considered for both events for comparison purposes. 
Turbulent velocities are generated at 10 points along each conductor span to account for 
the spatial variation.  
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Figure  5.3 Velocity time history at point p for: (a) downburst case no. 1 (Dbx, 
Lx=300, Vrefp=40 m/s) (b) synoptic wind case no. 9 (Sy, Lx=300, Vrefp=40 m/s) 
As a demonstration, Figs. 5.3a and 5.3b show samples of the mean and turbulent 
velocities taken at point p normalized by the reference velocity, Vref, for downburst case 
(no. 1) and for synoptic wind case (no. 9), respectively. The horizontal axis represents a 
time t non-dimensional parameters involving the reference velocity Vref and the 
longitudinal length scale Lu. The figures also show the time variation of the total velocity 
obtained by adding the mean and turbulent velocities. 
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5.5 Technique Used to Analyze Conductor Systems 
 
 
Figure  5.4 Steps of the conductor analysis  
Conductors and insulators are structural elements that behave non-linearly under the 
applied loads because of their low rigidity. This makes their dynamic analysis 
computationally very demanding. In order to reduce the computational demands, the 
dynamic analysis is conducted in the current study following the steps outlined in Fig. 
5.4. The figure summarizes the steps of the analysis as follows: (i) The conductors are 
analyzed nonlinearly under forces resulting from mean wind velocities. The results of this 
analysis provide the conductor's mean response component, M, tension forces and 
deformed configuration. (ii) A linear analysis is conducted to evaluate the incremental 
response due to fluctuating velocities, F. In this analysis, the conductor stiffness 
corresponding to the deformed configuration and tension forces resulting from the mean 
 Step 1: Nonlinear quasi-static 
analysis under the mean load 
 
M 
Mean conductor tension 
force & deformed profile 
Mean conductor stiffness 
Step 2: Linear dynamic analysis 
under the fluctuating load 
 
Step 3: Linear quasi-static analysis 
under the fluctuating load 
F=B+R 
B 
Evaluate R and T 
R=F-B 
T=M+B+R 
M: mean response; F: fluctuating response; B: background 
component; R: resonant response; T: total response 
120 
 
velocity analysis are employed. According to Sparling and Wegner (2007), this approach 
leads to a significant saving in terms of computational time without compromising the 
accuracy of the solution. This is mainly because of the small ratio between the fluctuating 
and the mean components. The fluctuating response, F, consists of the background and 
resonant components. In order to distinguish between the two components, a third 
analysis step is conducted as indicated in Fig. 5.4. In this step, a quasi-static analysis 
under the fluctuating forces is performed using the updated conductor stiffness resulting 
from the first analysis step to obtain the background component, B. This background 
component of the responses, B, is then subtracted from the fluctuating response, F, to 
separate the resonant component, R. By adding the velocity components together (the 
mean M, the background B, and the resonant R), the total response of the conductor is 
evaluated. More details about the steps utilized in the analysis are given below: 
5.5.1 Step 1: Non-linear Quasi-Static Analysis under the Mean 
Wind 
As previously mentioned, the "running mean" velocity of the downburst cases is adopted 
from the CFD simulation conducted by Kim and Hangan (2007), who indicated that the 
mean velocity has a horizontal and a vertical components. According to the findings by 
Kim and Hangan (2007) and Aboshosha and El Damatty (2014), the horizontal 
component of the mean velocity is the dominant and the vertical component can be 
neglected when calculating the forces acting on the conductor. This is also true for the 
synoptic wind cases where the mean velocities are typically in the horizontal direction. 
Consequently, as indicated in Fig. 5.5, the conductor systems will be subjected to a wind 
load gy acting in the transverse direction Y in addition to the conductor weight W acting 
in the vertical direction Z. The intensity of the distributed load, gy(s), is calculated using 
Equation  5.1 as a function of the mean wind velocity, Vm(s), at a general location s.  
21( ) . . . ( ) .
2y d m
g s C V s D       Equation  5.1 
where  is the air density which is taken equal to 1.25 kg/m3; Cd is the drag coefficient of 
the conductor which is taken equal to 1.0 according to the ASCE:74 (2010), D is the 
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conductor facing area in the transverse direction per unit length. For a single bundled 
conductor, D is equal to the conductor diameter.  
 
Figure  5.5 Schematic illustration of the conductor-system 
The non-linear static analyses under the mean wind load, gy, and the conductor weight, 
W, are conducted using the technique developed and validated by Aboshosha and El 
Damatty (2014). The technique treats each conductor span as a single element and thus 
reduces the unknown degrees of freedom by limiting them at the connections between the 
insulators and the conductors.  
This technique is used to evaluate the reactions, Rxi, Ryi and Rzi at the supports and the 
displacements dxi, dyi and dzi at the conductor-insulator connecting points as illustrated in 
Fig. 5.5, where i is the number of the insulator. According to the technique, vectors of the 
reactions, {Rx}, {Ry} and {Rz} and the displacements,  {dx}, {dy} and {dz} are calculated 
using Equations 5.2-5.4 according to the flowchart presented in Fig. 5.6. 
    [ ].{ } Fy y yzR R K dy ,              [ ].{ } Fz z yzR R K dz  Equations  5.2 
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Equations  5.4 
Where  FyR  ,  FzR are vectors of y and z reactions considering no displacements at the 
connection between the conductors and the insulators, which are defined in Appendix B; 
[Kyz] is the stiffness matrix to account for the p-delta effect, which is defined in 
Appendix B; i is the  iteration number;  {fx}is the unbalanced load vector in x-direction, 
which is defined in Appendix B;  [Kx] is the tangential stiffness matrix for x-
displacements that is given in Appendix B; the superscript i represents the iteration 
number;{Rres}is the vector of the resultant forces in the insulators, 2 2 2res x y zR R R R   . 
 
Figure  5.6 Flow chart of the employed technique (iterate until convergence) 
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As indicated in the flow chart, initial displacement vectors {dx}, {dy} and {dz} are 
assumed and the corresponding reaction vectors {Ry} and {Rz} are calculated using 
Equations 5.2. The horizontal displacement and reaction vectors {dx} and {Rx} are 
calculated by iterating through Equations 5.3 until no change in the results takes place 
between two subsequent iterations. This is followed by calculating the displacement 
vectors {dx} and {dy} using Equations 5.4, which satisfy the insulator equilibrium. The 
obtained solution is checked for convergence by comparing the displacement vectors 
obtained from the equations with the initial assumed values. If a difference greater than a 
chosen tolerance is found, the solution is considered not converged and the whole 
procedure is repeated as indicated in Fig. 5.6, until convergence takes place.  
Fig. 5.7a shows the time variation of the mean wind load intensity acting at the midpoint 
of the span adjacent to the tower of interest (point r indicated in Fig. 5.2). As shown in 
Fig. 5.7a, the mean loads are time-dependent for the downburst cases and are time-
independent for the synoptic wind cases. For the downburst cases non-linear static 
analyses are conducted using the technique presented in Fig. 5.6 at 250 time increments 
to capture the time history response under the time-varying mean component. One 
nonlinear analysis is only needed to obtain the mean response under synoptic wind. The 
conductor tension force and the deformed shape under the mean velocity component are 
obtained from the nonlinear static analysis. For the downburst cases, such parameters 
vary with time while they are constant for the synoptic cases. Those parameters are then 
used to calculate the stiffness of the conductors used in the subsequent linear dynamic 
analyses under the fluctuating wind component. The time history variation of the tension 
forces at the conductor span adjacent to the tower of interest, as obtained from the 
nonlinear analyses, are reported in Figs. 5.6b and 5.6c for the single and multiple spans, 
respectively. In these figures the tension forces are normalized by the initial tension force 
T0 resulting from the conductor’s own weight. 
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Figure  5.7 Time variation of the wind intensity, the tension force for the single-
spanned and six-spanned systems  
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Fig. 5.8 shows the time variation of the transverse displacement, dy, and the vertical 
displacement, dz, at point r for both the single and six-spanned systems. By comparing 
the displacements obtained from load cases 1, 3, 5, 7, 9 and 11 to those from cases 2, 4, 6, 
8, 10 and 12, respectively, it is found that the increase in the mean velocity leads to an 
increase in the transverse displacement dy and a decrease in the vertical displacement dz.  
 
Figure  5.8 Time variation of the mean transverse displacement dy and vertical 
displacement dz at point r 
Figs. 5.7 and 5.8 indicate that the applied wind loads lead to significant changes in the 
conductor tension and its profile, which need to be accounted for in the dynamic analysis. 
Examples of the instantaneous wind load, the deflected conductor shape for the single 
spanned system and the deflected conductor shape for the six spanned system are 
illustrated in Figs. 5.9, 5.10 and 5.11, respectively. 
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Figure  5.9 Distribution of the wind load gy along the conductor spans at the time 
instance tmax 
 
Figure  5.10 Conductor profile at the time instance tmax for the single-spanned system 
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Figure  5.11 Conductor deformed configuration at the time instance tmax for the six-
spanned system 
The load and the deflected shape are plotted at the time instance, tmax, corresponding to 
the maximum mean wind speed at point p, which is indicated in Fig. 5.3. As shown in 
Fig. 5.9, wind load distribution due to downburst wind changes significantly in space in 
contrary to synoptic wind which is uniform. Figs. 5.10 and 5.11 indicate that under 
synoptic wind cases, the conductors have larger deflections in the transverse direction, 
dy, compared to  the downburst cases. This is expected because the considered loads, 
resulting from synoptic wind (cases 9, 10 , 11 and 12), are higher than those due to 
downburst wind (Dbx: cases no. 1, 2, 3 and 4 and Dby: cases no. 5, 6, 7 and 8), as 
indicated in Fig. 5.7a. The calculated tension forces and deformed shapes of the 
conductors are utilized in Step 2 to conduct the dynamic analyses. 
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As previously mentioned, linear dyna
wind forces. The fluctuating wind force, F
tributary length L
mean and the turbulent velocities happening at time t, respectively.
F t C V t v t D L
The standard equation of motion of a multi
varying wind load is given below: 
w
time dependent stiffness matrix; {F
What is unique in this analysis is that both the stiffness matrix [K(t)] and the damping 
matrix [C(t)] are considered to
forces and deformations corresponding to the mean wind load component, which vary 
with time for downburst cases.  
.5.2 Step 2: Linear Dynamic Analysis under the Fluctuating Wind 
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2w d m e
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In order to obtain the system stiffness matrix, [K(t)], each conductor span is modeled 
using 10 two-nodded cable elements whose stiffness matrices, [keG], in the global 
coordinates are calculated using Equation  5.7.  
   
     
T
eG e el e
1x 1y 1z
e 2x 2y 2z
3x 3y 3z
el
e
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[R] [0]
T ,R Cos( ) Cos( ) Cos( ) ,
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EA 0 0
k k 1k , k 0 T(t) 0
k k L
0 0 T(t)

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  
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   
    
 
            
 
Equation  5.7 
Where el[k ]  is the element stiffness matrix in the local coordinates 1, 2 and 3; Te is the 
Transformation matrix; R is the directional cosine matrix; ij  is the angle between axes i 
and j; T(t) is the element tension force; Le is the element length. 
As indicated in Equation  5.7, the element global stiffness matrix, eG[k ] , is calculated by 
transforming the element local stiffness matrix, el[k ] , from the local coordinates 1, 2, 3 to 
the global coordinates x, y and z, as illustrated in Fig. 5.12. This is achieved by using the 
transformation matrix T, which is formulated using the directional cosine matrix [R], as 
indicated in Equation  5.7. It should be mentioned that in Equation 5.7, the element length 
Le and the directional cosine matrix [R] are functions of the deformed configuration of 
the conductor which is obtained from the non-linear analysis under mean wind forces 
performed in Step 1. 
The mass, [M], and the damping, [C], matrices are expressed by Equations 5.8 and 5.9, 
using the lumped mass and the lumped damping at each node. 
 
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Equation  5.8 
 Where n is the number of nodes, which equals to 10 x (nSpan+1), where nSpan is the 
number of spans; [M
mass which is equal to W.L
for other nodes, where g is the gravitational acceleration which is equal to 9.81 m/s
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expected to change with time as a result of the variation of the conductor’s tension force 
and nodal coordinates with time, Davenport's expression cannot be used directly. 
Therefore, an expression for the time-dependent damping coefficient per each node, cai, is 
developed in the current study as follows: 
 A conductor segment with a length Le, as shown in Fig. 5.13, is considered. The 
segment moves with a velocity iyu in the transverse y-direction and is subjected to 
an incoming wind with a mean velocity, Vmi. The drag force applied on the 
segment due to the incoming mean wind velocity, Fmi, and the conductor 
movement can be expressed by Equation  5.10. 
 2mi d e mi iy1F (t) .C .D.L . V (t) u (t)2     Equation  5.10 
 This drag force, Fmi(t), is expanded in Equation  5.11 as the addition of the drag 
force due to the mean incoming wind, Fmiw(t), and the aerodynamic damping 
force, Fidair(t), due to conductor movement in the wind direction.  It should be 
mentioned that in Equation  5.11 the conductor velocity, iyu (t) , is typically much 
smaller than the incoming wind velocity, Vi(t), and thus the quadratic term of the 
conductor velocity is neglected.  
2
mi miw idair d e mi d e mi iy
1F F F .C .D.L .V (t) .C .D.L .V (t).u (t)
2
       Equation  5.11 
 The aerodynamic damping force, Fidair(t), is equated to the viscous damping force 
as expressed by Equation  5.12, and the damping coefficient cai is accordingly 
evaluated using  Equation  5.13. 
idair d e i iy ai iyF .C .D.L .V (t).u (t) c (t).u (t)     Equation  5.12 
ai d e ic (t) .C .D.L .V (t)   Equation  5.13 
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It should be mentioned that since the incoming wind velocities are mainly in the 
transverse y-direction, the aerodynamic damping coefficient, cai, is introduced only in the 
diagonal elements corresponding to the conductor velocities in the y-direction as shown 
in Equation  5.9. Dynamic analyses are performed using the Newmark’s (Bathe, 1996) 
step by step integration technique. This in-house program is developed to overcome some 
limitations found in most of the commercial finite element software. For example, most 
of the available software do not allow defining time dependent damping forces as 
required in the current study. Also, most of commercial software do not have the option 
of conducting the analyses under the total wind load into two steps as done in the current 
study. This will require a significant computational time compared with the two steps 
approach (Sparling and Wegner, 2007). The in-house program is validated by employing 
it to analyze the six-spanned conductor system subjected to downburst load (case no. 4), 
and comparing the resulting reaction responses with the corresponding values obtained 
using SAP2000 CSI (2010). A constant damping ratio of 5% for the first two modes is 
considered in this example in order to be able to solve the problem within the capability 
of the commercial code. 
Fig. 5.14a shows the time histories of the total and the fluctuating transverse reactions Ry 
obtained from the in-house and the SAP 2000 analyses. Similar time histories for the 
longitudinal reactions Rx are provided in Fig. 5.14b. The figures show a very good 
agreement between the two sets of analyses. In order to obtain a more detailed 
comparison, the time-dependent mean and root mean square (r.m.s.) components are 
calculated and are plotted in Fig. 5.14 c, d. As shown in the figures, both the mean and 
the r.m.s. components obtained from the developed in-house program are in an excellent 
agreement with those obtained from the SAP 2000 results. This provides confidence in 
the accuracy of the developed in-house code. This in-house program is then employed to 
conduct the dynamic analyses for the 12 considered cases. Results of these analyses are 
discussed in section 5.4. 
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Figure  5.14 Comparison between the results of the in-house program and FEA (a) 
time history of Rx (b) time history of Ry (c) running Ry components (d) running Rx 
components 
5.5.3 Step 3: Quasi-Static Linear Analysis under the Fluctuating 
Wind 
As mentioned earlier, a quasi-static analysis of the conductor systems under the 
fluctuating wind is conducted in order to distinguish between the background and 
resonant components. The background component of the response is obtained by doing a 
static analysis through solving Equation  5.14. This is then subtracted from the total 
fluctuating component to identify the resonant component.  
    w[K(t)] u F (t)  Equation  5.14 
where {Fw(t)} is the fluctuating load vector due to the wind load; [K(t)] is the time 
dependent stiffness matrix obtained using the conductor tension force and the location 
resulting from the quasi-static analysis under the mean loads 
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5.6 Results of the Dynamic Analyses 
The three steps discussed above in section 5.3 are followed to analyze the conductor 
systems under the twelve wind cases summarized in Table  5.2. Reactions of the single-
spanned system at the left tower, Rx1 and Ry1, and those for the six-spanned system at the 
intermediate tower, Rx6 and Ry6, in the longitudinal and the transverse directions, 
respectively, are calculated and plotted in Figs. C1-12  presented in Appendix C. The 
figures report the mean, the background and the resonant components, in addition to the 
overall response obtained from the summation of those three components. The reported 
reactions are normalized using the maximum mean reaction components (Ry1* and Rx1*) 
for the single-spanned system and (Ry6*and Rx6* ) for the six spanned system. Also, the 
longitudinal reactions (Rx1 and Rx6) reported in the figures are normalized on the right 
scale using the maximum mean transverse reactions (Ry1* or Ry6*), respectively. This is to 
allow comparison of the longitudinal reactions to the transverse reactions, thus 
identifying the cases where the longitudinal reactions are critical. It should be mentioned 
that for the cases of synoptic wind, the mean response is used for the scaling instead of 
the maximum mean response since the mean response does not vary with time. Also, for 
the cases of synoptic winds and the cases of downbursts corresponding to the maximum 
transverse reactions, the mean longitudinal reaction for the six spanned system, Rx6, is 
equal to zero due to symmetry and, thus is not used in the normalization.  
In order to further assess the effect of turbulence, responses shown in Fig. C1-C12, 
located in Appendix C, are used to calculate the Gust Factor, GF, defined in Equation 
 5.15 as the ratio between the peak responses to the maximum-mean responses. Two gust 
factors are calculated based on how the peak responses are defined: (1) the first is named 
the dynamic gust factor, GFDy, where the peak responses result from the contribution of 
the mean, background and resonant components. (2) The second is named the quasi-static 
gust factor, GFQS, where the contribution of the mean and the background components 
are only considered in calculating the peak responses. 
p
max
r
GF
r
  
Equation  5.15 
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where: 
pr : Peak response 
maxr : Maximum mean response for the downburst winds or mean 
response for the synoptic winds 
 
Table  5.3 Gust factors for the different wind cases 
Resp. 
Type Ca
se
 Downburst-(Peak Rx) 
C
as
e Downburst-(Peak Ry) 
C
as
e Synoptic Winds 
GFDy GFQS ContR% GFDy GFQS DiffQS% GFDy GFQS DiffQS% 
Ry1 
1:
 L
30
0 
V
 4
0 1.27 1.22 3.91 
5:
 L
30
0 
V
 4
0 1.40 1.36 3.01 
9:
 L
30
0 
V
 2
0 1.38 1.32 4.20 
Rx1 1.27 1.21 4.57 1.59 1.53 3.94 1.49 1.42 5.26 
Ry6 1.31 1.26 3.76 1.32 1.27 3.68 1.42 1.33 6.62 
Rx6 1.18 1.15 2.92 ** ** 1.96 ** ** 11.52 
Ry1 
2:
 L
30
0 
V
 2
0 1.27 1.22 3.76 
6:
 L
30
0 
V
 2
0 1.40 1.36 2.54 
10
: L
30
0 
V
 2
0 1.36 1.32 3.14 
Rx1 1.36 1.21 11.29 1.91 1.63 14.87 1.74 1.57 9.88 
Ry6 1.27 1.25 1.63 1.30 1.27 2.08 1.41 1.32 6.24 
Rx6 1.14 1.11 2.77 ** ** 17.68 ** ** 5.79 
Ry1 
3:
 L
50
0 
V
 4
0 1.30 1.25 4.23 
7:
 L
50
0 
V
 4
0 1.25 1.21 3.27 
11
: L
30
0 
V
 4
0 1.42 1.36 3.75 
Rx1 1.37 1.32 3.22 1.27 1.25 1.83 1.48 1.39 6.02 
Ry6 1.18 1.18 0.72 1.26 1.24 1.54 1.42 1.37 3.55 
Rx6 1.15 1.14 0.82 ** ** 1.70 ** ** 9.81 
Ry1 
4:
 L
50
0 
V
 4
0 1.28 1.25 2.73 
8:
 L
50
0 
V
 4
0 1.25 1.21 3.08 
12
: L
50
0 
V
 4
0 1.42 1.36 4.36 
Rx1 1.35 1.26 6.76 1.32 1.24 6.10 1.85 1.55 16.49 
Ry6 1.20 1.18 1.78 1.25 1.24 1.34 1.40 1.36 2.90 
Rx6 1.22 1.14 6.15 ** ** 1.24 ** ** 4.74 
GFs in bold correspond to the peak reaction caused by the considered downburst size and location 
** indicated that the mean response is equal to zero 
Both the dynamic and the quasi-static gust factors, GFDY and GFQS, are provided in Table 
5.3 for the twelve considered cases. The contribution of the mean, ContM, background, 
ContBG, and resonant, ContR, components to the peak responses are calculated using 
Equations  5.16 and are plotted in Fig. 5.15.  
M
1Cont
GF
 ,  QSBG
GF 1
Cont
GF

 , QSR
GF GF
Cont
GF

  Equations  5.16 
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The contribution of the resonant component, ContR, which is reported in Table 5.3, 
represents the error in the estimated peak response when the dynamic effect is not 
considered. High values of such a contribution imply the importance of conducting 
dynamic analysis. The following remarks points can be made by in view of the values of 
ContR calculated for different cases: 
(i) The contribution, ContR, to the peak longitudinal reaction Rx1 for the 
single-spanned system reaches a maximum value of 15% for the 
downburst cases and 17% for the synoptic wind cases when considering 
the low reference velocity (20 m/s). The contribution reaches a maximum 
value of 4.5% and 6% for the downburst and the synoptic wind cases, 
respectively, for the high reference velocity (40 m/s). These results 
indicate that dynamic analysis is recommended to analyze single-spanned 
system subjected to low velocities for both downburst and synoptic winds. 
The contribution of the resonant component, ContR, to the peak transverse 
reaction Ry1 is generally low and less than 5% under both the downburst 
and the synoptic wind cases. 
(ii) The contribution to the peak transverse reaction Ry6 for the six-spanned 
system is in the order of 4% or less for the downburst cases and in the 
order of 6% for the synoptic wind cases. Also, the contribution to the peak 
transverse reaction Rx6 of the six-spanned system is in the order of 6% or 
less for the downburst cases causing maximum longitudinal reactions 
(cases 1-4). These low contributions imply that conducting dynamic 
analysis may not be necessary for estimating the peak reactions for the six-
spanned system. 
By investigating the values of the GFs summarized in Table 5.3, it is found that for the 
twelve studied cases, GFs of both the longitudinal and transverse reactions for the single 
spanned system, Rx1 and Ry1, are larger than those for the six spanned system, Rx6 and Ry6. 
This is because correlated fluctuations characterized by the length scale, Luv, cover a 
higher percentage of the conductor length for the single spanned system than that for the 
six spanned system. According to Davenport (1993), cases of high ratio of the turbulence 
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length scale Luv to the system length have more correlated fluctuations than those of low 
ratios.  
In Figs. C1-C12, located in Appendix C, time histories of the reactions are normalized by 
the maximum mean component for each case. This allows visualizing the difference 
between the peak reactions and their mean components caused by the wind turbulence. In 
order to compare the responses obtained from the 12 cases, a general normalization using 
a force, gyp.Lx, is applied to the reaction responses, as shown in Fig. 5.16. This 
normalization force is equal to product of the wind intensity applied at point p, gyp, and 
expressed by Equation  5.17, and the span length Lx. This force, gyp.Lx, represents the 
maximum mean transverse force acting on the towers assuming a uniform distribution of 
the wind load. 
* 21 . . .
2yp d ref
g C V D ,           Equation  5.17 
 
Figure  5.15 Contribution of different components in the peak responses 
Fig. 5.16 shows the normalized peak reactions for the twelve considered cases. As shown 
in the figure, the maximum downburst peak transverse reactions Ry1p and Ry6p and 
longitudinal reaction Rx1p are associated with case no. 5 (Dby: Lx=300 m, Vrefp=40 m/s) 
and are equal to 70%, 125% and 390% of the force gyp.Lx, respectively. The maximum 
0 2 4 6 8 10 12
0
20
40
60
80
100
Rx1
Case
%
 p
ea
k
 
 
0 2 4 6 8 10 12
0
20
40
60
80
100
Ry6
Case
%
 p
ea
k
0 2 4 6 8 10 12
0
20
40
60
80
100
Case
%
 p
ea
k
Rx6
 
 
0 2 4 6 8 10 12
0
20
40
60
80
100
Ry1
Case
%
 p
ea
k
 
 
Mean Background Resonant
138 
 
downburst peak longitudinal reaction Rx6p occurs at case no.3 (Dbx: Lx=500 m, Vrefp=40 
m/s) and is equal to 45% of the force gyp.Lx. As indicated from those values, the 
developed longitudinal peak reactions, Rx1p and Rx6p are significantly high and, 
accordingly, should be included in the design of the line. 
 
Figure  5.16 Normalized peak reactions 
5.7 Conclusions 
Dynamic analyses of single-spanned and multiple-spanned conductor systems are 
performed in the current study. The study includes twelve different cases with variation 
in  the wind type, the mean wind velocity and the span length. Downburst and synoptic 
winds are used as the wind types. Two downburst loading scenarios causing maximum 
longitudinal conductor reaction, Dbx, and maximum transverse conductor reaction, Dby, 
are considered. Two mean wind velocities, (Vref =20 and 40 m/s) and two span lengths, 
(Lx=300 and 500 m) are assumed in the analyses. A number of 6 spans (three on each 
side to the tower of interest) are considered in the study to model the multiple-spanned 
system based on a recommendation from the literature. The analyses of the two systems 
are conducted to obtain the longitudinal and the transverse reactions at the intermediate 
tower of the multiple-spanned system and at the left tower for the single spanned system.  
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The analysis of the conductor systems is conducted using three steps in order to 
distinguish between the mean, background and resonant components of the response. 
First, a non-linear quasi-static analysis under the running-mean wind velocities is 
conducted to obtain the conductor mean response in addition to the conductor tension 
force and its displaced profile, which are used to obtain the updated conductor’s stiffness. 
Then, a linear dynamic analysis is conducted under the fluctuating wind forces using the 
updated conductor stiffness. The fluctuating response resulting from the dynamic analysis 
contains both the background and resonant components. A quasi-static analysis is 
conducted under the fluctuating wind forces to obtain the background component alone, 
which is then subtracted from the overall fluctuating response to estimate the resonant 
component. The ratio between the peak responses to the maximum mean responses, 
defined as the Gust Factor (GF), is calculated using both the dynamic analysis, GFDy, and 
the static analysis, GFQS. The contribution of the different components to the peak 
response is calculated and the following conclusions are drawn: 
(i) The contribution, ContR, to the peak longitudinal reaction Rx1 for the 
single-spanned system reaches a relatively high maximum value (in the 
order of 16%) for downburst and synoptic wind cases when considering 
the low reference velocity (20 m/s). Under the high reference velocity (40 
m/s), the contribution ContR, reaches a relatively low maximum value (in 
the order of 5 %) for both downburst and synoptic wind cases. These 
results indicate that dynamic analysis is recommended to analyze single-
spanned system subjected to downbursts and synoptic winds with low 
reference velocities.  
(ii) The maximum contribution to the peak transverse reaction Ry6 and to the 
peak longitudinal reaction Rx6 for the six-spanned system is found in the 
order of 5% and 6%, respectively, for both downburst and synoptic wind 
cases. These low contributions imply that conducting dynamic analysis 
may not be necessary for estimating the peak reactions for the six-spanned 
system. 
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(iii) Gust factors of both the longitudinal and the transverse reaction for the 
single-spanned system are shown to be larger than those for the six-
spanned system. This is because correlated fluctuations characterized by 
the length scale, Luv, cover a higher percentage of the conductor length for 
the single-spanned system than that for the six-spanned system.  
(iv) Maximum peak transverse reactions for the single-spanned system, Ry1p 
and the six-spanned, system Ry6p, are found to be equal to 70%, 125% of 
the force gyp*.Lx. The maximum peak longitudinal reaction for the single 
spanned system, Rx1p, , and the six spanned system, Rx6p, are found to be 
equal to 390% and 45 % of the force gyp*.Lx, respectively. As indicated 
from the values, the developed longitudinal reactions in the two systems 
are significant and should be included in the line design. 
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Chapter 6  
6 LES of Wind Flow over Various Upwind Exposures 
6.1 Introduction  
With the recent development trends in computer and software technologies, the 
computational cost of carrying out large eddy simulation (LES) for ABL flows is 
becoming affordable. As a result LES is widely being used in building and wind 
engineering applications. Some examples include LES for building aerodynamics 
application (Dagnew and Bitsuamlak 2013), pollution dispersion (Tominaga and 
Stathopoulos et al. 2011), natural ventilation (Jiru and Bitsuamlak 2010, Jiang et al. 
2013), wind-driven-rain/snow (Blocken and Carmeliet 2004, Beyers and Waechter 2008). 
Accurate simulation of the lower ABL flow and realistic application of the boundary 
conditions are essential steps for successful LES in building engineering. Boundary 
conditions represent the effect of the surroundings that have been cut off by the 
computational domain (CD) and idealize the influence of the actual flow environment 
under consideration. Boundary conditions dictate the solution inside the CD and have 
very significant effects on the accuracy of the solution. This study mainly focuses on the 
ground and inflow boundary conditions. There are several methods in the literature to 
account for the ground roughness while carrying out LES. Wall functions are perhaps the 
widely used approach and several variations were developed, such as those by Businger 
et al. (1971), Schumann (1975), Thomas and Williams (1999) and Xie et al. (2004). The 
main advantages of using wall functions are the simplicity of simulating a terrain with a 
specific target aerodynamic roughness z0. This is of great importance in wind engineering 
applications since it allows for simulating a prescribed incoming wind flow. However, 
wall functions are typically suitable to simulate smooth to moderately rough terrains with 
an aerodynamic roughness, z0, constrained by the practical grid size, ∆z. The reasons 
behind this limitation can be summarized as follows: (i) In a typical wall function, drag 
forces induced by the terrain are introduced in a single grid layer using the velocity 
extracted at the mid-level of the layer height, 0.5 ∆z, and the target roughness z0; (ii) The 
level where the velocity is extracted (i.e. 0.5 ∆z) has to be placed in the logarithmic flow 
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region, which is usually located above the physical roughness height, ks or ~30 z0 
(Richards and Hoxey 1993, Franke et al. 2004, Fluent Inc. 2005, and Blocken et al. 
2007). If the level where the velocity is extracted is placed below the physical roughness 
height, ks or ~30 z0, it means that the velocity is extracted from the canopy region. 
Although wall functions may be employed for such a case by using the shifted version of 
the logarithmic law i.e. by using displacement height (Vermeire et al. 2011), for very 
rough surfaces (i.e. large displacement heights) this approach becomes uncertain as 
indicated by Tsai and Tsuang (2005). These introduce a constraint on the maximum 
terrain roughness, z0, that can be simulated by wall functions while employing a specific 
grid with a height ∆z as 60.z0<∆z. Such a constraint becomes very critical for moderately 
rough (z0=0.5 m) and rough terrains (such as those encountered in heavily built 
environment z0>2 m). Based on the modified Davenport classification (Wieringa 1992), 
the height of the first grid has to be 30 and >120 m for the two rough terrains 
respectively. This definitely limits the usability of the resulting flow in wind engineering 
applications as most of the important flow details near the ground are wiped out. The 
focus of the current study is to simulate the wind flow in and above rough terrains 
including the built-environment with a prescribed aerodynamic roughness, z0, that is not 
bounded by the constraint 60.z0<∆z. 
Other than the wall functions approach, methods such as terrain following coordinates, 
immersed boundary methods (IBM) and canopy models do not have limitation on the 
terrain roughness that can be modelled. In the method of terrain-following-coordinates 
developed by Gal-Chen and Sommerville (1975a, b), as inferred by its name, grid 
coordinates are used to follow the topography of the terrain. Coordinate transformation is 
applied to convert the computational domain including the bottom topography to a 
rectangular domain. This method leads to accurate results. However, it is very complex 
and requires large computational resources (Anderson and Meneveau 2010). IBM is one 
of the robust methods to resolve for the terrain roughness. In the IBM additional forcing 
term is added to the momentum equation to account for the drag resulting from the 
obstacles. For grid points located inside an obstacle, the forcing term is used to 
instantaneously set the velocities to zeros as indicated by Iaccarino and Verzicco (2003) 
and Mittal and Iaccarino (2005). On the other hand for the first grid points located outside 
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the obstacle, forcing term is set to account for the drag and shear forces applied by the 
obstacle as indicated by Tamura (2009). Since IBM does not require a modification to the 
grid it is simpler to implement compared to the terrain-following-coordinates method. 
However, IBM still requires multiple fine grid layers at the bottom of the computational 
domain in order to account for the terrain roughness. For the cases where the roughness is 
due to the vegetation, canopy stress models can be used (Katul and Albertson 1998, Katul 
et al. 2004). LES based canopy stress models depend on the early contributions by Shaw 
and Schumann (1992) and Su et al. (1998) as reported by Albertson et al. (2001), Yang et 
al. (2006a, b) and Cassiani et al. (2008). In these models, each computational cell may 
contain obstacles with frontal area greater than the frontal area of the computational cell, 
which increases the aerodynamic drag coefficient. Such a drag coefficient is a function of 
the obstacle shape, computational resolution, and Reynolds number. Canopy stress 
models can also be used for different roughness sources other than the vegetation. Brown 
et al. (2001), for example, employed a canopy stress model to simulate ABL flow over a 
wavy surface, while Shiguang and Weimei (2004) employed canopy stress model to 
simulate ABL flow within and over an urban canopy. 
Velocity profile resulting from the above mentioned methods: terrain-following grids, 
IBM and canopy model can be used to obtain the aerodynamic roughness by fitting the 
resulting velocity profile with the logarithmic law. However this represents a major 
challenge for LES of ABL flow over large complex built-environment terrain due to 
enormous computational demands.  
Robust methods exist in literature such as those reported by Anderson and Meneveau’s 
(2010) surface gradient-based drag (SGD) model. SGD model simulates terrains with 
topographic heights that are resolvable horizontally but require modeling vertically. 
Anderson and Meneveau (2010) employed the SGD model to calculate the vertical 
profiles of the velocities and Reynolds stresses for different terrain scenarios and 
compared them with those obtained from previous simulations in literature (Nakayama 
and Sakio 2002, Kanda et al. 2004, Coceal et al. 2007 and Xie et al. 2008). The terrain 
scenarios included roughness induced by uniform and staggered arrays of blocks, regular 
arrays of ellipsoidal roughness elements and a two sinusoidal wavy rough surface. The 
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comparison showed a good agreement between the resulting profiles from the SGD 
model and those from the literature. SGD model represents a robust method to simulate 
surface roughness with a given topography, however it does not allow for simulating a 
relatively rough surface with a prescribed z0, that are routinely encountered in wind 
engineering applications. This is mainly due to the following reasons: (i) In the SGD 
model and similarly in the previously discussed terrain-following grids, IBM, and canopy 
models, surface aerodynamic roughness, z0, is typically calculated as a result of the 
developed flow solution. In contrast, the present study focusses on characterizing inflow 
over a priori known or approximately estimated aerodynamic roughness z0 of the ground 
surface; (ii) SGD model introduces the drag forces only at the first grid layer above the 
ground similar to the wall functions approach, therefore, the constraint (60.z0<∆z) that 
limits the range of aerodynamic roughness that can be modelled for a particular grid 
density also exists.  
 
Figure  6.1 Schematic of driver and test domains 
Anderson and Meneveau (2010) introduced the usage of random Fourier modes (RFM) to 
numerically generate random fractal surfaces. They studied two boundary layers induced 
from numerically generated fractal surfaces: a moderate rough and a very rough. The root 
mean square (r.m.s) topography heights was related to the resulting aerodynamic 
roughness, z0, but this area requires further research particularly with regard to the 60.z0 < 
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∆z constraint. In the current study, the SGD model developed by Anderson and Meneveau 
(2010) is modified to allow for simulating the flow within and above rough terrains with 
a prescribed aerodynamic roughness z0, that is not bounded by the constraint (60.z0<∆z). 
The present study has three parts. In the first part (Section 6.2), the original SGD model 
is modified to overcome the constraint 60.z0<∆z. In the second part (Section 6.3), a 
scaling technique is proposed to scale the fractal surfaces generated by RFM in order to 
produce the targeted aerodynamic roughness z0. In the third part (Section 6.4), LES of 
ABL flow over three different exposure conditions, represented by scaled fractal 
surfaces, is carried out by recycling the flow throughout a driver domain, as illustrated in 
Figure 6.1, using the modified SGD model. Simulations are performed by recycling the 
flow throughout a driver domain as shown in Figure 6.1. Recycling the flow enables 
obtaining a stabilized ABL using a relatively shorter computational domain.  The 
resulting mean velocity, turbulence intensity and Reynolds stress profiles as well as the 
velocity spectra are compared with the profiles and spectra of the targeted aerodynamic 
roughness z0.  Moreover, applicability of using the ABL velocities resulting from the 
driver domain as inflow boundary condition in the subsequent domain (as illustrated in 
Figure 6.1) is discussed. It is to be noted, however, performing subsequent LES on test 
buildings is not within the scope of the current study. Finally, conclusions and 
recommendations are given in Section 6.5. 
6.2 Modified Surface Gradient Drag (MSGD) model 
In this section, a modified version of the SGD model that was originally developed by 
Anderson and Meneveau (2010) is presented. SGD model was originally developed to 
simulate ABL flows above terrains that are slowly varying horizontally and with heights 
small enough to fall below the first vertical grid layer, such as those indicated by Figure 
 6.2a. According to Anderson and Meneveau (2010), drag force per unit mass inside a 
control volume, fi, is calculated using Equation  6.1, while the shear stress at the top of the 
volume, 3i , is calculated by integrating the drag force along volume height as illustrated 
in Figure 6.2a and expressed by Equation  6.2. 
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where  is air density, Cd is drag coefficient of the roughness elements, which can be 
taken equal to 2 for rectangular-like roughness elements, z  is vertical height of the first 
grid,  iu is resolved velocity at the reference height in the direction i, mU : magnitude of 
the velocity at the reference height filtered using filtering width m.∆ where m is taken 
equal to 2 and  ∆ is the grid length,  kn : Unit vector of the velocity direction, h(x,y): the 
height of the topography at x, y location, R(xx): is the ramp function  R(xx)=(xx/2+|xx|/2) 
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Figure  6.2 SGD models: (a) Anderson and Meneveau (2010) and (b) Modified 
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As discussed earlier, the constraint of 60 z0<∆z is a result of applying the drag forces, fi, 
on the first grid layer only due to the requirement of placing the level where the velocity 
is extracted, zp, above the physical height of the roughness, ks or 30z0 (in the logarithmic 
flow region). Such a constraint can be relaxed by using multiple n layers, with an overall 
height Hd, as illustrated in Figure 6.2b, which is the main concept of the modified SGD 
model. Shear stress, 3i , at the top of the grid layers is calculated using Equation  6.3, 
which is similar to the original expression given by Equation 6.2, except in the manner 
the drag coefficient, Cd*, is calculated and the location where the velocity is extracted. In 
the modified model, shear stress, 3i , is related to the velocity at the upper layer, Un, and 
the drag coefficient is modified accordingly as discussed in the following subsection. 
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It should be mentioned that the reason behind using multiple layers is not to account for 
the local variation of the roughness in the vertical direction, where some gird layers are 
located inside the roughness obstacle while other are located outside as in the IBM. 
Multiple layers are used instead to allow for extracting the velocity at mid-height of the 
upper layer, Hd-0.5 ∆zn, which is placed in the logarithmic flow region above the physical 
height of the roughness (ks or 30z0), as indicated by Figure 6.2b. This relaxes the 
constraint in the original SGD model to 30.z0< Hd-0.5∆zn or 30.z0<(n-0.5).∆z, for the case 
of a uniform layer height, ∆z. This enables simulation of rougher surfaces by employing a 
specific grid provided that a sufficient number n of the layers is used. For the case of a 
single layer, n=1, the constraint 30.z0<(n-0.5).∆z converges to the constraint in the 
original SGD model by Anderson and Meneveau (2010). Multiple layers are also used to 
adopt to the target aerodynamic roughness, z0, before conducting the simulation, as will 
be discussed in details in Section 6.3.  
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Drag force in the i-direction at layer no. j, ijf , can be expressed by Equation  6.4, as the 
multiplication of a coefficient C with the velocity component iju  and the velocity 
magnitude mjU .  
.  mij ij jf C u U  Equation  6.4 
Such an expression is based on the analogy with vegetation canopies, where the 
coefficient C is the multiplication of the frontal area index (FAI) and the drag coefficient 
of the vegetation. In vegetation models, where the interest is in the averaged vegetation 
density rather than the localized vertical distribution (Inoue 1963 and Cowan 1968), that 
coefficient is usually considered constant along the canopy height. Similarly, by focusing 
on the averaged roughness distribution in the vertical direction, rather than the localized 
variations, the coefficient C can be assumed constant in all grid layers that share the same 
horizontal x- and y-coordinates. That is equivalent to the simulation of roughness 
elements that have a similar height and different shapes in plan. Shear stress at the top of 
the grid layers, 3i , can be calculated by integrating the drag forces, ijf , from all layers, 
where j=1:n. By assuming a piece wise distribution of the drag forces, as shown in 
Figure 6.2b, shear stress at the top of the grid layers, 3i , can be expressed as a function 
of the coefficient C, according to Equation  6.5. 
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By substituting the coefficient C as from Equation  6.5 into Equation  6.4, drag force at 
layer no. j in the direction i, ijf , can be expressed by Equation  6.6.  
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Equation  6.6 
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Equations 6.3 and 6.6 calculate the shear stress and the drag forces at different layers 
using the modified SGD model, respectively. However, that requires the drag coefficient 
Cd* to be known, which is discussed in the following subsection. 
6.2.1 Calculation of the Drag Coefficient Cd* 
Anderson and Meneveau (2010) used a value of 2 for the drag coefficient, Cd, which is 
suitable for rectangular-like roughness elements. They chose the reference height, where 
the mean velocity is used to obtain the drag force, to be at the middle height of the first 
grid layer as illustrated by Figure 6.2a. On the other hand, in the modified SGD model, 
the reference height is chosen near the top of the canopy as illustrated in Figure 6.2b. 
Such a change in the reference height requires to be accounted for in the drag coefficient, 
Cd*, employed in Equation 6.3. In the current study, drag coefficient, Cd*, is calculated by 
scaling the drag coefficient, Cd, for rectangular like roughness elements with the ratio 
between the weightily averaged square velocity over the canopy grid layers,
   2
1 1
( ) . /
n n
j j
j j
U z z z
 
   , and the plane averaged square velocity at the reference 
height zp, 2( )pU z , as expressed by Equation  6.7. It should be mentioned that the two 
averaged square velocities are identical for the case of a single layer n=1, and 
consequently Cd* equals to Cd. 
   2
1 1*
2
( ) . /
.
( )
 
 

 
n n
z j z j
j j
d d
p
U z
C C
U z
 Equation  6.7 
where ..  represent horizontal plane averaging, Cd is drag coefficient for rectangular-like 
roughness elements which equals to 2. In order to obtain the drag coefficient, Cd*, by 
using Equation 6.7, information regarding the velocity profile inside the canopy layer is 
required. Wang (2012) provided an analytical model that showed a reasonable accuracy 
for sparse canopies with a wide range, 0.03- 0.50, of frontal area index (FAI). The current 
study is focused in simulating the flow over rough terrains those representing urban 
canopies, which are usually sparse with a FAI in the order of 0.3 in downtown areas 
(Britter and Hanna 2003). This is within the range, where the analytical model by Wang 
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(2012) is reasonably accurate. Therefore, the same analytical model is used in the current 
study to scale the drag coefficient by Equation  6.7.  According to Wang (2012), such a 
scaling ratio can be calculated using Equation  6.8, where g(z) is a function that can be 
calculated by Equations  6.9 and depends on the elevation z and the canopy properties. 
More details about the employed parameters in Equations 6.9 are given by Wang (2012).  
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Equation  6.8 
where I0 and k0 are modified Bessel functions of first and second kinds of zero order, 
respectively. 
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Equations  6.9 
where Hd: height of the region where the drag forces are introduced, which is taken in the 
current study in the order of 60 times the aerodynamic roughness of the surface z0, d: 
displacement height used to shift the logarithmic flow region above the canopy, z01: 
Aerodynamic roughness due to the surroundings to the roughness elements, which is 
taken equal to Hd divided by 1e5 similar to Wang (2012). 
Equations 6.3, 6.6 and 6.7-6.9 represent the modified SGD model, which allows for 
simulating surfaces with an aerodynamic roughness, z0, that is not bounded by 60.z0<∆z.  
In the next section, synthesizing fractal surfaces with a targeted aerodynamic roughness 
z0, is discussed. 
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6.3 Synthesizing Fractal Surfaces with a Targeted z0 
Synthesizing fractal surfaces with a targeted aerodynamic roughness is conducted in the 
following two steps: (i) random Fourier modes (RFM) are used to synthesize un-scaled 
fractal surfaces. Those surfaces are required to be scaled in order to have an aerodynamic 
roughness as the prescribed; and (ii) a procedure for scaling the surfaces is applied. The 
scaling is based on equating the average shear stress using the logarithmic law with the 
averaged shear stress resulting from the surface employing the modified SGD model. 
Details about those steps are illustrated in the following subsections. 
6.3.1 Generating Unscaled Fractal Surfaces using RFM 
Anderson and Meneveau (2010) employed RFM to synthesize heights, h(x,y), of two 
different fractal surfaces by employing Equation  6.10. The roughness spectra, S(k), 
described by Equation  6.11, was employed with a spectral slope β. Such a spectral slope 
characterizes the roughness of the generated surfaces.  
( . )( , ) ( ).  ki k xkh x y S k e
  Equation  6.10 
where ( )S k is spectra of the roughness, k is wave length and k is phase angles.  
1
2( ) .S k c k


  
Equation  6.11 
 
where c is constant to control the amplitudes of the fractal surface and β is spectral slope 
which is taken equal to -0.5 in the current study. 
Anderson and Meneveau (2010) employed a spectral slope, β, equal to  -0.5 for the very 
rough surface and to -0.8 for the moderate rough surface. In the current study, a single 
value of the spectral slope equal to -0.5 is used. A slight difference is introduced in the 
surfaces generated by RFM in the current study than Anderson and Meneveau (2010), 
which is related to the height variations in the y-direction. In the current study variation 
of the heights in the y-direction is introduced by relating the random phase angles, k , to 
the y-coordinate as indicated by Equation  6.12. This leads to a Gaussian spectral 
distribution, with an average wave length 1/ly, in the y-direction as indicated by 
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Kraichnan (1970) and Smirnov et al. (2001). A high wave length in the order of 1/(2.∆y) 
is chosen. The Gaussian distribution of the spectra with a high characteristic wave length 
is chosen since it generates fractal surfaces with a height variation in the x-direction 
(dominant flow direction) that does not significantly change from section to section in the 
transverse y-direction. This allows for developing a boundary layer with homogeneous 
characteristics in the y-direction, which is preferable in wind engineering applications.  

0. yk
y
y k
l
    Equation  6.12 
where  yk is Gaussian random numbers with zero mean and 0.5 standard deviation, ly is 
characteristic wave length in y-direction, and 0 is random phase angles. Equations 6.10-
6.12 can be used to describe the heights variation for an arbitrary generated fractal 
surface. The modified SGD model, described in section 6.2, can be used to introduce the 
drag forces resulting from such a surface. However, the aerodynamic roughness, z0, of the 
surface is not known yet. Therefore, a scaling factor that can be used to scale the fractal 
surfaces so that their aerodynamic roughness matches the target is suggested in the next 
subsection. 
6.3.2 Scaling of the Fractal Surfaces 
A scaling factor, a , is introduced to the heights generated by Equations 6.10-6.12 in 
order to have a specific value of the aerodynamic roughness when modeled using the 
modified SGD model, as indicated by Equation  6.13. 
( , ) . ( , ) scaled ch x y h a h x y  Equation  6.13 
where ch is a constant height that can be used to set the mean height of the surface to be 
equal to a specific value, which is chosen in the current study to be half the physical size 
of the targeted roughness, 0.5 ks ~ 15 z0. That constant height does not affect the flow 
solution, but it affects the overall level of the surface.  
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In order to find the scaling factor, a , plane averaged shear stress opposing the mean flow,
13 , induced by the scaled surface is equated with the averaged shear stress resulting 
from employing the logarithmic log law. Average shear stress resulting from the surface 
can be expressed by Equation  6.14, which require the terms between the parentheses to 
be averaged.  
 *
13 1
1 . . ( )
2
 

mscaled
d k n n
k
hC R n u U
x
   Equation  6.14 
where .. : horizontal plane averaging 
Averaging of such terms can be approximated by Equation  6.15 as the multiplication of 
the averages of the sub terms, while assuming the flow to be dominated in the positive x-
direction,  [1 0 0]kn .  
   21( ) ( )   
m mscaled scaled
k n n n
k
h hR n u U R U
x x
 Equation  6.15 
Assuming the flow to be dominated in the positive x-direction is based on choosing the 
pressure gradient forces, which are used to enforce the flow in the computational domain, 
to be also in the positive x-direction. This is discussed in Section 6.4. By substituting the 
average of the terms between the parentheses from Equation  6.15, into Equation  6.14, 
average shear stress resulting from the scaled surface can be calculated by Equation  6.16, 
which involves some approximations. The influence of those approximations on the 
averaged shear and the resulting flow characteristics is discussed in Section 6.4. 
 2*13 1 . . ( )2
 

 m scaledd n
hC U R
x
   Equation  6.16 
Mean shear stress due to the logarithmic law can be expressed by Equation  6.17, where 
pz
C is the drag coefficient at the level of zp and can be related to z0 by Equation  6.18. 
Expressing the shear stress according to the logarithmic law is valid given that the 
velocity is extracted at a level zp located in the logarithmic flow region, which is satisfied 
by maintaining 30.z0< Hd-0.5∆zn as mentioned previously in Section 6.2. 
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 213 . .   p mz nC U   
Equation  6.17 
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where k is von Karman constant, which is taken as 0.41 and d is the displacement height. 
By equating the two averaged shear stresses, from Equations 6.16 and 6.17, the scaling 
factor, a , can be expressed by Equation  6.19.  
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Equation  6.19 
The procedure adopted to generate the fractal surfaces that matches the targeted z0 and 
how the resulting forces are introduced into the CFD code is summarized in Table 6.1. 
Following these steps three different fractal surfaces corresponding to different terrain 
exposures ranging from smooth to very rough terrain are generated, and subsequently 
used as ground boundary condition for the LES simulation as described in Section 6.4.  
Table  6.1 Steps involved in simulating roughness associated with the fractal surfaces 
Step Description 
1 Choose the number of layers n. Such a number is chosen in the current study so that 
the total height of layers Hd is in the order of 60 z0 or more. Where z0 is the target 
roughness with displacement height, d, to be simulated using a grid with 
dimensions, Δx, Δy, and Δz, in the x-, y- and z-directions, respectively. 
2 Calculate the drag coefficient Cd* according to the model by Wang (2012) using 
Equations 6.7-6.9.  
3 Generate unscaled fractal surface using the coordinates of the grids in x- and y-
directions using Equations 6.10-6.12. A high characteristic wave length, 1/ly, is 
recommended to maintain the x-distribution of the surface heights so that the 
changes at different y transverse locations are minimized. This helps to develop a 
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boundary layer with homogeneous characteristics in the transverse y-direction. 
4 Scale the fractal surfaces using Equations 6.13, 6.18 and 6.19. 
5 In both driver and test domains, illustrated in Figure 6.1, introduce drag forces 
associated with the scaled surfaces using Equations 6.3 and 6.6. Those drag forces 
are to be assigned as source terms in the momentum equations. A user defined 
function (UDF) is built to introduce the drag forces into the CFD code. 
6.4 LES Model 
Three dimensional rectangular computational domains are chosen to perform the LES. 
The computational domain length, Lx, width, Ly, and height, Lz, are chosen to be 2 x 2 x 1 
km. The computational domain is discretized in x-, y- and z-directions using two grids: 
G1 (64x64 x 64) and G2 (64x64x128) to assess the grid sensitivity. 
Figure  6.3 illustrates the computational domain, the employed grids and the boundary 
conditions. While periodic boundary conditions are used for surfaces designated as 1, 
surface 2 implements slip wall and the ground surface 3 deploys the modified SGD 
model. The usage of periodic boundaries allows the boundary layer to be fully developed. 
Other researchers such as Basu and Porte’-Agel (2006), Stoll and Porte´-Agel (2006 and 
2008), Anderson and Meneveau (2010), have also used periodic boundaries in order to 
obtain the developed boundary layer for their wall functions or roughness models. RFM 
is employed to generate three fractal surfaces corresponding to open country, suburban 
and urban terrain exposures as summarized in Table  6.2 by using Equations 6.10-6.12 
and 6.11-6.14. The countryside, suburban, and urban exposures are also similar with 
those used by the ESDU (2001), which is widely used approach in most commercial 
boundary layer wind tunnels to generate target wind speed and turbulence profiles as well 
as the spectra. 
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Figure  6.3 Computational domain, the employed grids and boundary conditions 
In the surface generation process, 100 wave lengths, k, ranging from 1/ (2.∆x) to 2.π/Lx 
were used, while a high characteristic wave length in the y-direction, 1/ly, is chosen, 1/ 
(2.∆y).  
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Figure  6.4 Generated fractal surfaces corresponding to z0=0.1, 0.3 and 0.7m 
respectively 
Illustrations of the generated terrains are given by Figure  6.4. In the surface generation 
process, the displacement height, d, is required. Such a displacement height is a function 
of the density of the roughness elements. The displacement height approaches zero for 
sparsely distributed roughness elements and it approaches the overall height of the 
canopy for heavily distributed elements as indicated by the ESDU 2002. In the current 
study, d is taken as summarized in Table 6.2, which is compatible with the findings of 
Tsai and Tsuang (2005). According to Tsai and Tsuang (2005), sensitivity of estimating 
z0 due to uncertainty of the displacement height, d, decreases with the increase of the 
reference height, zp. Such a reference height is chosen in the order of 60 z0 or more as 
summarized in Table 6.2, to reduce the error. Velocity, Um∆, employed in calculating the 
shear stress, 3i , indicated by Equation  6.3, requires to be spatially averaged in order to 
represent the mean velocity around the roughness elements. Averaging of the velocities 
has a particular importance to satisfy the Moning and Obukhov similarity (Monin and 
Obukhov, 1954) and to introduce the required mean shear stress as indicated by Thomas 
and Williams (1999). 
161 
 
Table  6.2 Generated exposure conditions 
Terrain Exposure z0 (m) d/z0* zp/z0** 
Countryside 0.1 0.0 75.0 
Suburban 0.3 10 58.3 
Urban (city center) 0.7 10 60.7 
*: d/z0 is taken from Tsai and Tsuang (2005),  **:  A number n of the layers 
equal to 2, 4 and 9 for z0=0.1, 0.3 and 0.7 m, respectively, using a uniform 
layer height ∆zj=5.0 m. 
 
 
Figure  6.5 Generated surface grid points with positive 

h
x
 (dark)  
Anderson and Meneveau (2010) used a fixed filtering width of 1.∆ while calculating the 
averaged velocity, Um.∆, in their simulations. In the current study, however, the averaging 
width is related to the characteristics of the generated surface itself rather than using a 
fixed width. According to Equation 6.3, while considering the stream wise flow in the 
positive x-direction, only grid points that have positive derivative 

h
x
 will affect the drag, 
and therefore, represent the presence of the roughness elements. Averaged distance 
between any two nearby zones, which have a positive derivative 

h
x
, represents the 
averaged distance between the roughness elements. Such an averaged distance is 
calculated in both x- and y-directions i.e. lx and ly, respectively, and their resultant,
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2 2
xy x yl l l  , is used as the width of the averaging filter m.∆. Grid points that have a 
positive 

h
x
 derivative are illustrated and marked in black in Figure  6.5 and the averaging 
distances lx, ly and the filter width, xyl , are summarized in Table 6.3. 
Table  6.3 Averaging lengths lx, ly, lxy 
Surface z0 (m) lx/∆xy ly/∆*xy lxy/∆xy 
0.1 2.76 2.86 3.98 
0.3 3.04 5.66 6.44 
0.7 4.02 4.00 5.64 
*∆xy: Grid length in x- and y-directions=2000/64 m 
LES are performed using sub grid scale model originally proposed by Smagorinsky 
(1963) and modified by Geomano et al. (1991) to dynamically tune the model constant. 
The commercial software package Fluent 13 (2010) is utilized to solve the governing 
flow represented by Equations 6.15. A UDF is developed to calculate the drag forces, fi, 
required in the momentum equations to account for the fractal surfaces as summarized by 
Table 6.1.  
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Equations  6.20 
where i=1, 2, 3 correspond to x-, y-, and z-directions, respectively, the over bar represents 
the filtered quantities, ui, ugi ,p, t,τij and νrepresent fluid velocity, grid velocity, 
pressure, time, the SGS Reynolds stress and molecular viscosity coefficient, respectively. 
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Sij, e ,  , sC represent strain rate tensor, eddy viscosity, grid size, Smagorinsky constant 
which is determined instantaneously based by the Geomano identity in the dynamic 
model (Geomano et al., 1991). ij  represent Kronecker delta ,   represent imposed 
pressure gradient to enforce the flow, fi represent drag force obtained from the modified 
SGD model. 
As indicated by Equations 6.20, pressure gradient,  , is required in the flow governing 
equations to enforce the flow. The interest in the current research is the simulation of the 
ABL lower zone where the buildings exist. In this zone, the shear stress can be assumed 
constant and the velocity profile can be described approximately by the logarithmic law. 
In order to obtain a logarithmic velocity profile using the periodic boundary conditions 
illustrated in Figure 6.2, shear stress above the canopy layer needs to be maintained fairly 
constant. Therefore, stream-wise pressure gradient,  , introduced in Equations 6.15, is 
lamped only at the upper 20% of the domain, HpG, as indicated by Figure  6.6 a and 
expressed by Equation  6.21. This is similar to the case of using a uniform pressure 
gradient with high domains in the vertical direction.  
2
*
pG
u
H

    Equation  6.21 
where *u is friction velocity which = /  , pGH  is height of the layer where the pressure 
gradient is lumped, and it is taken as 20% of the domain height H. 
Figure  6.6a shows the balance between the imposed pressure gradient and the drag forces 
in addition to the corresponding shear stress for the modified SGD model while lamping 
the pressure gradient at the top 20% of the domain. For comparison purposes, Figure  6.6b 
shows the balance between the forces and the shear stress for the case of a uniform 
pressure gradient while using the SGD model by Anderson and Meneveau (2010). 
Simulation time step is chosen to maintain Courant Fredric Levy (CFL) number at the top 
of the computational domain, z=1000 m, less than one. This is to ensure the stability of 
the solution. 
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Figure  6.6 Balance between the imposed pressure gradient force and the drag forces 
(a) the modified SGD model with lamped pressure gradient force (b) original SGD 
model with uniform pressure gradient force 
Figure  6.7 Time history of the calculated shear stress 
Temporally averaged CFL of 0.67, 0.59 and 0.53 is used for the terrains with z0 equals to 
0.1, 0.3 and 0.7 m, respectively. Discretization schemes for the flow quantities and solver 
parameters are summarized in Table 6.4. All simulations are initialized from zero flow 
condition letting the imposed pressure gradient to enforce the flow until the balance is 
reached between the pressure gradient force and the shear force at the canopy layer at the 
bottom of the domain.  
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Normalized shear stresses, which is defined as the ratio between the calculated shear 
stress, 13calc , and the targeted shear stress, 13tar =ρ.u*2, is plotted as shown in Figure 6.7. 
Convergence of the shear stress happens approximately after 50,000 time steps. After 
reaching the converged state, simulations are continued for 20,000 more time steps in 
order to extract the statistics for velocity and Reynolds stress profiles. 
Table  6.4 Discretization schemes and solution technique for the CFD simulations 
Parameter Type 
Time discretization Second order implicit 
Momentum discretization Bounded central difference 
Pressure discretization Second order 
Pressure-velocity coupling Pressure-implicit with splitting operators (PISO) 
Under relaxation factors 0.7 for the momentum 0.7 and 0.3 for the  Pressure 
 
6.4.1 Grid Sensitivity Study 
 
Figure  6.8 Mean velocity in the longitudinal direction ( )mu z :  a) normal scale, b) 
logarithmic scale and c) difference percentile 
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Grid sensitivity analysis is performed for the case of suburban terrain, z0=0.3 m. Mean 
velocity in the longitudinal direction, ( )mu z , is plotted for grids G1 and G2 as shown in 
Figures 6.8a, 6.8b  using normal and logarithmic scale respectively. The heights of the 
canopy layer and where the pressure gradient is introduced are marked in the figures. 
Figures 6.8a, 6.8b indicate that both velocity profiles are in a good agreement. Difference 
ratio, Diff, in the mean longitudinal velocity defined by Equation  6.22 is plotted as shown 
in Figure  6.8-c.  
2 1
2
( ) ( )
( )
mG mG
mG
u z u z
Diff
u z

  Equation  6.22 
where 1 ( )mGu z , 2 ( )mGu z : mean velocity in the longitudinal direction resulting from the gird 
G1 and G2, respectively. Average difference along the height is found to be 0.89% which 
indicates the independency of the results on the employed grids. Therefore, only grid G2 
results are shown in the following sections. 
6.4.2 Results of the ABL Simulation  
 
Figure  6.9 Mean velocity profile for the three generated surfaces using normal scale 
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Figure  6.10 Mean velocity profile for the three generated surfaces using logarithmic 
scale 
 
Figure  6.11 Normalized shear stress xz  
Mean velocity profiles obtained for the three generated surfaces are plotted and compared 
with those obtained from the logarithmic law as shown in  Figures 6.9 and 6.10 using 
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normal and logarithmic scales, respectively. Generally CED predicted velocity profiles 
using the modified SGD match very well with those obtained from the logarithmic law 
for the zone where the shear stress remains constant. Average difference between the 
profiles resulting from the CFD and the targeted profiles, Errav, defined by Equation  6.23 
is found to be -0.4, 0.5 and 0.2% for z0 equals to 0.1, 0.3 and 0.7 m, respectively. This 
indicates that the approximations involved in averaging the shear stress (Equation  6.15) 
as a step to scale the fractal surfaces so they have the prescribed aerodynamic roughness 
are reasonable. Shear stress is constant in the region above the canopy height and below 
the level where the pressure gradient is introduced. An illustration for the normalized 
shear stress, xz , which is equal to the Reynolds stress 
' 'u w , normalized by the friction 
velocity u*2 is shown in Figure  6.11. Normalized shear stress starts with zero at the 
ground and reaches -1 at the height of the canopy layer. Normalized shear stress remains 
constant up to the elevation where the pressure gradient is introduced and finally reaches 
zero again at the top of the computational domain. 
1 ( ) ( ).
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z H H
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av
LogPG Canop z H
u z u zErr dz
H H H u z
 



    
Equation  6.23 
where ( )Logu z and ( )CFDu z represent mean velocity in the longitudinal direction resulting 
from the CFD and from the Logarithmic law, respectively, H is the domain height which 
is taken equal to 1000 m, PGH is height of the layer where the pressure gradient is 
introduced and equals to 200 m and CanopH is canopy height.  
Root mean square fluctuations in the longitudinal direction, σu, is calculated and plotted 
for the three generated surfaces. Targeted fluctuations are calculated by integrating the 
power spectrum density, Suu(f), of Kaimal et al. (1972) as indicated by Equation 6.19 and 
plotted in Figure  6.12. As indicated from Figure  6.12, there is a gap between the r.m.s 
fluctuation calculated by the CFD and the targeted fluctuations calculated by integrating 
the PSD at the region starting above the canopy layer. 
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Figure  6.12 longitudinal r.m.s fluctuations 
In order to investigate the reason behind such a gap, velocity time history at two 
elevations are extracted and their PSD is calculated and compared with Kaimal PSD. The 
two elevations are chosen at 100 and 200 m heights.  
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Equation  6.24 
where ( )uuS f is PSD of the longitudinal fluctuations which is taken according to Kaimal 
et al. (1972),  f is frequency and (10)mu is mean longitudinal velocity at 10 m height.  
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Figure  6.13 Velocity time history at two different elevations and three different 
roughness conditions 
 
Figure  6.14 PSD of the velocities at two different elevations and three different 
roughness conditions 
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Time histories of the longitudinal velocity are shown in Figure  6.13. PSD of the extracted 
velocities are shown in Figure  6.14. It appears from Figure  6.14 that the resulting PSD 
from the velocities obtained from the CFD can be classified into two zones based on how 
the PSD resulting from the CFD matches the targeted PSD of Kaimal. The first zone with 
lower frequencies represent large scale fluctuations that are temporally resolved. Such a 
zone starts from a zero frequency and reaches a cut off frequency, fcut, which represents 
the maximum frequency of fluctuations those are captured by the modified SGD model. 
That cut off frequency equals to the mean velocity, ( )u z , divided by the averaging length, 
lxy, summarized in Table  6.3, and is shown in Figure  6.14. The second zone represents the 
small scale fluctuations with high frequencies greater than fcut. As shown in Figure  6.14, 
the temporal variation of the small scale fluctuations is filtered out. Such a filtration is 
attributed for the underestimation of the longitudinal fluctuation, σu, as shown in Figure 
 6.12. For the cases where the small scale fluctuations are important, finer grids can be 
used. The usage of finer grids decreases the averaging length lxy and subsequently 
increases the cut off frequency, fcut.  
6.4.3 Application for Inflow Boundary Condition Generation 
Most of the velocity spectra are well reproduced by following the technique employed in 
the current study as shown in Figure  6.14. This allows the technique to produce the 
inflow BC for a subsequent simulation as illustrated in Figure 6.1 and performed 
previously by Lund et al. (1998) and Nozawa and Tamura (2002). Inflow BC for a 
subsequent LES can be easily extracted from the velocity history at a typical transverse 
vertical plane in the computational domain shown in Figures 6.1 and 6.3. However, 
generation of inflow BC using the current technique has a main advantage compared to 
the other recycling techniques. One of the main advantage represents the ability to 
generate flow statistics for different estimated target ground roughness z0 without detail 
knowledge about the shapes and the arrangements of the roughness elements. Also, the 
current technique has another advantage for inflow generation over the methods based on 
statistically generating the inflow turbulence. This advantage applies to all recycling 
methods. Generated inflow BC from the current technique is a result solving Navier-
Stokes equations that satisfy the continuity condition. In addition, the present method can 
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be applied to maintain the desired inflow statistics reaching up to the incident flow (i.e. 
close to the study object) by introducing desired roughness at the bottom of the study 
domain (Figure 6.1). Thus avoiding significant inflow degradation expected over the 
upstream fetch (between the inlet and the study building location) as reported by Tamura 
(2008) and Dagnew and Bitsuamlak (2013). 
6.5 Conclusions  
Flow characterization of a neutrally stratified ABL flow above three fractal surfaces that 
represent countryside, suburban and urban terrain exposures with specific roughness, z0, 
is performed by relaxing the constraint of 60.z0<∆z. Surface gradient drag-based (SGD) 
model developed by Anderson and Meneveau (2010), which is originally developed for 
fairly rough surfaces, is modified to be able to simulate very rough surfaces encountered 
in the built environment. This was enabled by allowing the drag forces to be applied in 
multiple grid layers above the ground. Height variation in the three surfaces is introduced 
using random Fourier modes (RFM). The resulting heights are then scaled by the new 
scaling technique so that the resulting roughness matches its prescribed target value. LES 
was performed using the commercial CFD software Fluent 13 and user defined functions 
(developed as part of the current study) by using periodic boundary conditions and 
pressure gradient to enforce the flow. The resulting mean wind profile for the three 
surfaces matches well with the targeted logarithmic profile in the region of the constant 
shear stress. The average error between the resulting profiles from the CFD and the 
targeted profiles is found equal to -0.3, -0.5 and 0.2 % for z0 equals to 0.1, 0.3 and 0.7 m, 
respectively. Root mean square of the longitudinal fluctuations resulting from the CFD 
appear to be underestimated above the canopy height with an average ratio of 10%. Such 
an underestimation appears to be due to the filtration of the small scale turbulence smaller 
than the average distances between the roughness elements lxy. This observation was 
made by comparing the longitudinal velocity spectra from the CFD with those of Kaimal 
et al. (1972). The comparison showed that the two spectra well match each up to a cut off 
frequency, fcut, which equals to ( ) /m xyu z l . For the cases where the small scales are 
important, a finer grid in the longitudinal direction can be used which will result in 
roughness elements with smaller width, lxy. The current technique can be used to generate 
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the Inflow Boundary Condition for subsequent LES of flow over the built-environment. 
That can be done by extracting the velocity records at a typical transverse vertical plane 
and introducing them at the inflow boundary condition of the subsequent domain. The 
current technique has a particular advantage over the other recycling techniques, which is 
the ability to simulate any roughness z0 without detail priori knowledge about the shape 
and the distribution of the roughness elements. Also, the current technique has another 
advantage of satisfying the continuity condition for inflow generation over the methods 
based on statistically generating the inflow turbulence, which applies for all recycling 
methods. The generated velocities are a result of solving Navier-Stokes equations and 
automatically satisfy the continuity condition. 
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Chapter 7  
7 Turbulent Downburst Wind Field and Corresponding 
Dynamic  Behavior of Transmission Line Conductors 
7.1 Introduction 
Downburst is a strong downdraft that induces an outburst of damaging wind near the 
ground as defined by Fujita (1985). Hazards associated with downburst winds on 
different structures including Transmission Lines (TLs) are extensively discussed in the 
literature (Whittingham, 1964; Fujita, 1990; Vickery, 1992; Holmes, 1999; Li 2000; 
Choi, 2002). Previous field studies such as the Joint Airport Weather Studies (JAWS), the 
Northern Illinois Meteorological Research on Downbursts (NIMROD), and the Federal 
Aviation Administration Lincoln Laboratory Operational Weather Studies (FLOWS; 
Fujita, 1985), showed that the maximum downburst wind speeds happen at 50 m above 
the ground, as indicated by Fujita and Wakimoto (1981), Wilson et al. (1984), and 
Hjelmfelt (1988). Although field studies can provide actual velocities, they represent a 
challenging task due to the unpredictability of the event occurrence in time and in space. 
This challenge motivated researchers in the past to study downbursts either 
experimentally (Osegura and Bowles 1988, Lundgren et al. 1992, Alahyari and Longmire 
1994, Yao and Lundgren 1996, Wood et al. 2001 and Chay and Letchford 2002) or 
computationally  (Selvam and Holmes 1992; Hadzˇiabdic´ 2005; Chay et al. 2006; Kim 
and Hangan 2007; Sengupta and Sarkar 2008; Gant 2009; Mason et al. 2009, 2010a). In 
computational studies of downbursts, the following methods are currently used: the 
Impinging Jet (IJ) method proposed by Fujita (1985), Cooling Source (CS) method 
suggested by Anderson et al. (1992) and the method of simulating the downburst-
producing thunderstorm indicated by Orf et al. (2012). Both IJ and CS methods are 
computationally less expensive compared with the simulation of the downburst-
producing thunderstorm. The latter requires significant computational resources which 
makes it unaffordable for the current study.  
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Figure  7.1 Comparison between the vertical velocity profile of downbursts using IJ 
and CS methods 
There are several attempts over the last decades to simulate downbursts either using the IJ 
or the CS method. For example, Kim and Hangan (2007) used the IJ method to obtain the 
running mean downburst wind velocities employing an axi-symmetric two dimensional 
domain. Sengupta and Sarkar (2008) simulated downbursts using the IJ method 
employing k-epsilon, k-omega, shear stress transport (SST) and LES turbulence models 
and compared the resulting profiles with those obtained from experiments. Their results 
showed a reasonable agreement between the profiles obtained from the LES and from the 
experiment. The applicability of using LES to simulate downbursts is also repoted by 
Hadzˇiabdic´  (2005),  Chay  et  al.  (2006)  and Gant  (2009). Mason  et  al.  (2009,  2010a) 
used the CS method to simulate downbursts on two and three dimensional domains, 
respectively. Mason et al. (2009, 2010a) used the Shear Adaptive Simulation (SAS) by 
Menter and Egerov (2005). However, SAS model might over-predict the turbulent 
viscosity of jet-type flows, as indicated by Gant (2009). Mason et al. (2009, 2010a) also 
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used the neutral wall function to model the terrain roughness. This was justified by using 
small height of the first grid layer, ∆z, i.e. 1.0 m according to Teske and Lewellen (1977). 
Richards and Hoxey (1993), Franke et al. (2004), Fluent Inc. (2005), and Blocken et al. 
(2007) reported that the physical roughness, ks or ~ 30 z0, that can be modeled by a wall 
function cannot exceed the mid height of  the first grid layer, 0.5 Δz, which leads to the 
constraint ∆z>60.z0. This constraint shades doubts on the results obtained by Mason et al. 
(2009) for a terrain roughness greater than 0.016 m. Mason et al. (2010b) investigated the 
effect of topography on the wind velocities. They estimated speed-up factors for a 
downburst and compared them with speed-up factors for synoptic wind. Vermeire et al. 
(2011a) simulated downbursts over various terrains, with z0 equals to 0.001-0.1 m, using 
the CS method employing LES to resolve for turbulence. Similar to Mason et al. (2009), 
they utilized a neutral wall function with a first grid layer height, ∆z, of 1.0 m. Later, 
Vermeire et al. (2011b) used the CS method to study the interaction between multiple 
downburst events and reported a 55% increase in the velocity magnitude compared to 
that of a single event. A comparison between the velocity profiles obtained using the IJ 
and the CS method is shown in Figure  7.1. The profiles obtained by Lin et al. (2007) and 
Vermeire et al. (2011a) and the instantaneous profile obtained by Mason et al. (2009) 
using the CS method appear to have maximum velocity close to the ground and quickly 
drop with height. This could be a result of employing a ramp function to enforce the flow 
in the conducted simulations using the CS method, compared with an instantaneous 
enforcing in the conducted simulations using the IJ method. However, the overall peak 
profile obtained by Mason et al. (2009b) using the CS method appears to be in a 
reasonable agreement with those from IJ methods (Vermeire et al. 2011a, Kim and 
Hangan 2007). It should be mentioned that in Figure  7.1 the velocity profiles generated 
using the CS method are normalized vertically, assuming that the peak velocity happens 
at a radius equal to 1.2 Djeq, where Djeq is the equivalent diameter of the downdraft 
formulated by the CS. This allows for a consistent scaling of the data obtained by both 
the CS and the IJ method. The choice of 1.2 Djeq is based on the results reported by Kim 
and Hangan (2007). 
All of the above mentioned studies do not discuss the turbulent characteristics (such as 
turbulence intensities, length scales, spectra and peak factors) of the flow near the 
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ground. Holmes et al. (2008) studied the turbulent characteristics for a real downburst 
event that happened near Lubbock, Texas on 2002. Unfortunately, the obtained 
characteristics are limited to the few locations where the velocities were measured and, 
are suitable for open terrain exposure only. Turbulent characteristics for other terrain 
exposures need further research. These characteristics are essential to quantify the peak 
loads on different structures including TLs and their responses that are experienced as 
indicated by Chen and Letchford (2004a, b), Chay and Albermani (2005), Chay et al. 
(2006), Holmes et al. (2008) and Kwon and Kareem (2009). Savory et al. (2001), Shehata 
and El Damatty (2008) and El Damatty and Aboshosha (2012) conducted failure studies 
on different transmission towers subjected to downburst loading and their results revealed 
the importance of including wind forces acting on the conductors. The current study is an 
attempt to fill some of these gaps, therefore, it focuses on turbulent wind field of 
downburst falling on various exposure conditions and its effect on the response of TL 
conductors. As a result LES that is capable of modeling turbulent characteristics of 
downburst has been chosen over other Unsteady Reynolds Averaged Navier-Stokes 
(URANS) equations based-simulation that averages out some of the time scales 
(Sengupta and Sarkar 2008). Four exposures namely; open, country side, suburban, and 
urban are considered in the LES (z0, equal to 0.03, 0.1, 0.3 and 0.7 m, respectively). 
Ground roughness corresponding to these exposures is modeled implicitly by using 
fractal surfaces generated by means of random Fourier modes (RFM) and scaled, as 
necessary, to represent the targeted aerodynamic roughness of the chosen exposure. Drag 
forces resulting from the fractal surfaces are then introduced in the flow simulations 
using the surface gradient drag (SGD) model, originally proposed by Anderson and M 
(2010) and latter modified for rougher surfaces by Aboshosha et al. (2013). This model is 
adopted because (i) it is not bounded by the constraint ∆z>60.z0, and therefore allows for 
modeling rough terrains without losing the accuracy near ground flow simulations where 
structures are engulfed, and (ii) it is computationally less expensive compared to explicit 
roughness element based LES modeling. Simulations are performed in the current study 
using the IJ method. Although the IJ method does not predict the buoyancy 
characteristics of the flow as indicated by Vermeire et al. (2011a), it produces an easily 
scalable wind field as indicated by Shehata et al. (2005) and Kim and Hanagan (2007). 
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The current study is divided into five parts: The first part (section 7.2) details the 
numerical model. The second part (section 7.3) disuses the decomposition of the resulting 
wind field into running mean and turbulent components. The third part (section 7.4) 
discusses simulation results and main findings. The fourth part (section 7.5) discusses the 
dynamic response of TL conductors to downburst wind fields obtained from the 
simulations. The fifth part (section 7.6) shows the applicability of using the turbulent 
wind field characteristics with the gust factor (GF) approach to evaluate the peak forces 
acting on TL conductors. 
 
7.2 LES Model Setup 
The commercial CFD package FLUENT (2010) solver is utilized to solve the LES 
represented by Equation 7.1. A Dynamic Sub-Grid Scale model proposed by 
Smagornisky (1963) and Geomano et al. (1991) is used to account for the turbulence. 
Parameters used to handle flow quantities as well as solution technique are summarized 
in Table 7.1.  
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                                                     Equation  7.1  
where i=1, 2, 3 correspond to the x-, y- and z-directions, respectively. The over bar 
represents the filtered quantities, ui, ugi ,p, t,τij and ν which represent fluid velocity, grid 
velocity, pressure, time, the SGS Reynolds stress and molecular viscosity coefficient, 
respectively. Sij, νe, Δ, Cs represent strain rate tensor, eddy viscosity, grid size, 
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Smagorinsky constant, which is determined instantaneously based on the Geomano 
identity  in  the  dynamic  model  (Geomano  et  al.,  1991),  respectively.  δij represents 
Kronecker delta , fi represents drag force obtained from the modified SDG (Aboshosha et 
al. 2014). 
 
Table  7.1 Discretization schemes and solution technique  
Parameter Type 
Time discretization Second order implicit 
Momentum discretization Bounded central difference 
Pressure discretization Second order 
Pressure-velocity coupling Pressure-implicit with splitting operators (PISO) 
Under relaxation factors 0.7 for the momentum 0.7 and 0.3 for the pressure 
 
 
Figure  7.2 Computational domain and boundary conditions. 
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Figure  7.3 Employed Grids 
A three dimensional cylindrical domain is employed to perform the LES, as illustrated in 
Figure  7.2. A full cylindrical domain is used in the current study compared with only a 
quadrant domain used by Vermiere et al. (2011). This avoids bounding the flow by the 
quadrant walls thus allowing evaluation of the turbulent length scales along the 
circumferential direction. A jet diameter, Dj, is considered equal to 1 km, which 
represents a typical size of a downburst, as indicated by Holmes et al. (2008). The 
computational domain is chosen to be 8Dj x 4Dj for the radial and vertical dimensions, 
respectively, which is slightly larger than those employed by Vermier et al. (2011). Two 
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grids, Grid 1 and Grid 2 are used to check the grid independency of the results, as shown 
in Figure  7.3 and summarized in Table  7.2.  
 
Table  7.2 Properties of the employed grids 
Grid Grid 1 Grid 2 
Radial discretization 400 with 0.01 Dj each 400 with 0.01 Dj each 
Circumferential 
discretization 
72 with 2.
72
  each 72 with 2.
72
  each 
Vertical discretization Starts with 0.005 Dj  and 
increases gradually to 0.10 
Dj. Total number of vertical 
grids is 100 
Starts with 0.005 Dj and 
increases gradually to 0.07 
Dj. Total number of vertical 
grids is 150 
Number of Grids 2.9 E+6  4.3 E+6 
 
In the simulation, a jet velocity, Vj, equals to 40 m/s is used to enforce the flow. This jet 
velocity is used because it represents a typical value, as indicated by Savory et al. (2001). 
A time step of 0.0625 sec is chosen to keep Courant Friedrichs-Lewy (CFL) number at 
the bottom of the computational domain less than one in order to maintain the stability of 
the solution. The simulations started from a zero flow condition letting the downburst to 
develop in the computational domain by the introduced jet. The simulations continued 
until the main vortices induced near the inflow by the Helmholtz instability exit the 
computational domain. 
7.2.1 Modeling of Terrain Roughness 
Terrain roughness effect is modeled by using fractal surfaces. Heights of the fractal 
surfaces, h(r,ϴ), are generated according to Equation 7.2 using random Fourier modes 
(RFM).   
( . )( , ) ( ). ki k r
k
h r S k e    Equation  7.2 
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where ( )S k is the spectra of the roughness 
1
2( ) .S k c k


 , k is the wave length, c is a 
constant to control the amplitudes of the fractal surface, β is spectral slope which is taken 
as equal to -0.5, the phase angles   0. /k k l     ; 0 represent random phase angles and 
k  represent Gaussian random numbers with zero mean and 0.5 standard deviation, 1/lϴ  
represent characteristic wave length in the ϴ direction which is taken equal to 1/(2.Δϴ), 
where Δϴ is the grid size in the ϴ direction. 
Heights of the fractal surfaces generated by Equation  7.2, need to be scaled such that the 
surface aerodynamic roughness, z0, matches the targeted roughness, z0tar. Scaling is 
performed using the procedure proposed by Aboshosha et al. (2013) and is expressed by 
Equation 7.3, where ch represents a constant height that can be used to set the mean height 
of the surface to be equal to a specific value, which is chosen in the current study to be 
half of the physical size of the targeted roughness, 0.5 ks ~ 15 z0tar. The constant height 
does not affect the flow solution, but it affects the overall level of the surface. The scaling 
factor a is estimated as shown in Equation 7.4, where Cd* represent drag coefficient of 
the roughness elements which relates the drag force to the velocity measured at the 
reference height zp, ..  represent horizontal plane averaging, R(xx) is the ramp function  
R(xx)=(xx/2+|xx|/2),  is von Karman constant and is taken as 0.41, and d represent the 
displacement height of the logarithmic flow region.  
( , ) . ( , )scaled ch r h a h r           Equation  7.3 
2
*
0
2 .
( ) ln pd
tar
a
h z dC R
r z

 
 
 
   
      
       Equation  7.4 
Drag forces resulting from the scaled surface, ( , )scaledh r  , are introduced into the 
computational domain using the surface gradient-based drag (SGD) model, proposed 
originally by Anderson and Meneveau (2010) and modified by Aboshosha et al. (2013). 
The original SGD model showed very accurate velocity and Reynolds stress profiles of 
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the flow passing above different surfaces, previously examined in the literature 
(Nakayama and Sakio 2002, Kanda et al. 2004, Coceal et al. 2007 and Xie et al. 2008). 
The main drawback of the original model is the requirement of placing the physical 
roughness ks or ~30.z0 below the centre of the first grid layer, 0.5 Δz (Richards and Hoxey 
1993, Franke et al. 2004, Fluent Inc. 2005, Ansys Ltd., 2005, and Blocken et al. 2007). 
This constraint is similar to those encountered while using wall functions, which results 
from introducing drag forces in the first grid layer. Aboshosha et al. (2013) modified the 
SGD model, as shown in Figure  7.4, by introducing the drag forces into multiple n layers. 
In the modified model, n can be chosen to place the height zp,  or n-0.5 Δz, in the case of a 
uniform layer height Δz, above the physical size of the roughness elements, ks or~ 30z0, as 
illustrated in Figure  7.4. This relaxes the constraint on the maximum roughness that can 
be modeled using a particular grid, provided that a sufficient number of the layers n is 
used. In the modified model, shear stress at the top of the layers, 3i , at the level, Hd, is 
calculated using Equation  7.5, while drag force per unit mass at any layer j, fij, is 
expressed by Equation  6.10.  
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1 . . ( )
2
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i d k in n
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hC R n u U
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u U
f
u U
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 Equation  7.6 
where   is the air density, kn  is a unit vector of the velocity direction, inu is the resolved 
velocity at the reference height (layer n) in the direction i, mnU
 is the magnitude of the 
velocity at the reference height (layer n) filtered using a filtering width m.∆, where m is 
calculated according to Aboshosha et al. (2013) as a function of surface heights 
( , )scaledh r  , zj is height of layer no. j 
The drag forces are expressed by Equation 7.6  based on considering an average 
distribution of the roughness elements in the vertical direction, which is equivalent to the 
case of roughness elements with the same height but having different shapes in plan 
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(Aboshosha et al. 2014). In the current study four fractal surfaces are generated using 
Equations 7.2-7.4, as shown in Figure  7.5. 
 
Figure  7.4 Illustration of the modified SGD model by Aboshosha et al. (2014) 
The generated surfaces represent open, country side, suburban and urban exposures with 
aerodynamic roughness, z0, equal to 0.03, 0.1, 0.3 and 0.7 m, respectively. This 
classification is following the ESDU (2001) definition. Drag forces induced by the fractal 
surfaces are calculated using the modified SGD model using Equations 7.5 and 7.6 and 
introduced into the set of expressions presented in Equation 7.1, which governs the flow. 
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Figure  7.5 Roughness produced by using fractal surfaces for four different 
exposures 
 
 
Figure  7.6 Spatial averaging of the instantaneous velocities 
7.3 Running Mean and Turbulent Wind Decomposition 
The main difference between decomposing a downburst wind field from synoptic is the 
time-dependency of its mean component. The wind field is usually decomposed into a 
running mean and a turbulence component Choi and Hidayat (2002) and Holmes et al. 
(2008).  The method adopted for the present study is similar to that used by Jeong and 
Hussain (1995) to decompose the wind field into a phase average and a random 
component. A spatial averaging is applied circumferentially at all computational points 
using a spatial window size having a radial width dr=0.05 Dj and vertical height dz=0.005 
Dj, as illustrated in Figure 7.6. Resulting velocities from the spatial averaging are also 
temporally averaged by passing low frequencies smaller than a cut off frequency fcut. This 
cut off frequency, given by Equation  7.7, is chosen to be twice the shedding frequency, 
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fshedd, of the main vortices. This is to keep the fluctuations due to the main vortices, 
generated by Helmholtz instability, in the mean component. Shedding frequency is taken 
according to Kim and Hangan (2007) to represent the main vortices happening near the 
ground at a radius equal to 1.0 Dj.  
0 3
2 2 0 6j jcut shedd
j j
. X .V V
f . f . .
D D
    Equation  7.7 
 
where X is the distance from the jet centre to the point of interest which is taken as 2.Dj to 
represent the points close to the ground. 
 
Figure  7.7 Spatial and temporal averaging of the instantaneous radial velocity at 
R=1.25 Dj and Z=0.05 Dj 
Accordingly, a 0.048 Hz cut off frequency, fcut, is used in the current study. This cut off 
frequency is equivalent to a 69 sec averaging period for the real event that happened near 
Lubbock, Texas, USA in June 2002. This particular event has a jet velocity, Vj, of 29 m/s 
and a jet diameter, Dj, of 1200 m (Kim and Hangan 2007). This is in agreement with a 
(40-80 sec) range recommended for the averaging period by Holmes et al. (2008) and 
Darwish et al. (2010). Figure  7.7 shows the time history of the instantaneous radial 
velocity Ur0° located at R=1.25 Dj, Z=0.05 Dj and ϴ=0° and the velocity Ur90° located at 
R=1.25 Dj, Z=0.05 Dj and ϴ=90°. The same figure also shows the resulting time histories 
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after applying the spatial average, UrSp, and after applying both the spatial and the 
temporal averages, UrSp&Temp. It is clear from the figure that the averaged velocities in the 
space and time, UrSp&Temp, still contains strong fluctuations due to the main vortices 
similar to those found by Hangan and Kim (2007) for jets with high Reynolds number. 
7.4 LES Results and Discussion 
7.4.1 Grid Independence  
 
Figure  7.8 Maximum averaged radial and vertical velocity profiles obtained from 
Grid 1 (G1) and Grid 2 (G2) 
Grid independence study is performed for the case of the country side exposure, where z0 
equals to 0.1 m. Maximum averaged velocities in the radial, Urmax, and in the vertical, 
Uwmax, directions are used to check the sensitivity of the results on the employed grids, as 
illustrated in Figure  7.8. Profiles of the radial and vertical velocities obtained from the 
two grids are in a very good agreement. The maximum difference between the two 
profiles are found to be 0.83% and 0.98 % for the cases of the radial and vertical 
velocities, respectively. This indicates the independency of the results on the employed 
grids and therefore, only Grid 1 is used for simulating downbursts on the other exposure 
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conditions. Figure  7.8 also indicates that the maximum vertical velocities are 
significantly lower than the maximum radial velocities near the ground, where most 
structures are located. Therefore, only the radial velocities are discussed in the remaining 
portion of the paper. 
Vorticity/ (Vj.Dj) 
 
Radial Velocity Ur/ Vj 
 
  
  
  
  
a1 b1
a2 b2 
a3 b3 
a4 b4 
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Figure  7.9 Evolution of the (a) normalized vorticity and (b) radial velocity for the 
open terrain condition with the time: (1) Tn=8, (2) Tn=10, (3) Tn=12, (4) Tn=14, (5) 
Tn=16; Where Tn=T.Dj/Vj 
 
a5 b5 
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Figure  7.10 Radial averaged velocity at R/Dj=0.5, 1.0, 15 and 2.0 at Tn=7.9, 8.8, 9.5 
ad 12.8; Where Tn=T.Dj/Vj 
7.4.2 Evolution of the Wind Field with Time 
Downburst is a transient event in which the downdraft impinges towards the ground and 
convects radially with high velocities. Evolution of the downburst falling on an open 
exposure with z0=0.03 m is illustrated in Figure  7.9. In this figure, radial velocity and the 
vorticity contours are plotted at different non dimensional time Tn, where Tn=Time.Vj/Dj. 
It appears from Figures 7.9 (a1-a3) that a main vortex is formed right below the velocity 
inlet boundary due to Helmholtz instability then the vortex travels downward with the jet. 
After the main vortex hits the ground, as shown in Figures 7.9 (a4 and a5), it is broken 
down into multiple smaller vortices that are convected radially. Figures 7.9 (b1-b5) 
indicate that high radial velocities are associated with the location of the formed vortices 
similar to the findings by Kim and Hanagan (2007) and Veremier et al. (2011). 
7.4.3 Mean Wind Field 
Evolution of the vertical profile of the radial velocity, Ur, for the open terrain condition is 
illustrated in Figure  7.10. Instantaneous vertical profiles are plotted at different radii 
(R=1.0, 1.5, 2.0 and 2.5 Dj) from the centre. The profiles are plotted at non dimensional 
time, Tn=8.4, 9.2, 11.4 and 13.0 representing the time instances when the maximum 
radial velocity occur at those radii (R=1.0, 1.5, 2.0 and 2.5 Dj), respectively.  
Profiles of the instantaneous maximum radial velocity and the peak radial velocity 
(extracted from the entire simulation time) are plotted for the case of open exposure as 
shown in Figure  7.11. The plotted profiles are normalized by the peak radial velocity, 
Urpeak, based on the entire computational domain. For comparison purposes, other profiles 
obtained from field measurements, experiments and simulations in the literature are also 
plotted in the same figure. As shown in Figure 7.11, profiles obtained in the current study 
show a good agreement with the experimental results reported by Mason and Wood 
(2004) and Mason et al. (2005), field measurements by JAWS Data (Hjelmfelt, 1988) and 
simulation results by Proctor (1998) and Vermeire et al. (2011a). It is observed that both 
the instantaneous and the peak profiles obtained in the current study are consistent with 
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the profiles obtained previously. However, the profile predicted by Kim and Hangan 
(2007) appears to be maximum at higher elevation and covers broader elevations. This 
can be attributed to the small scale adopted for their simulations which may have 
overestimated the thickness of the developed boundary layer (Mason et al. 2009).  
 
 Figure  7.11 Radial velocity profile comparisons for the open exposure 
 
7.4.3.1 Ground Roughness Effect 
The effect of exposure roughness on the instantaneous maximum radial and envelope 
peak (i.e. maximum value of radial velocity at that height at any time) of radial velocities 
are shown in Figure  7.12. It appears that both the maximum instantaneous and envelope 
peak profiles tend to decrease with the increase of the roughness length of the exposure. 
It is also observed that the location of the maximum velocity shifts in the upward 
direction with the increase of the ground roughness length. Figure  7.13 shows the contour 
plots of the peak radial velocities obtained for the four studied exposure conditions. 
Representative height of the fractal surfaces is marked in the contour plots. Figure 7.13 
shows that the location of the peak radial velocity lies within the range of R=1.1-1.3Dj 
and tends to increase in z-direction with the increase of the ground roughness length, as 
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indicated in Figure 7.12. The reduction of the peak velocity with the increase of the 
roughness length, and the location of the peak velocity show good agreement with the 
trends reported by Mason et al. (2009) for downbursts enforced by Cooling Sources. 
However, a detailed comparison with the profiles obtained by Mason et al. (2009) was 
not possible because Mason et al. (2009) used different values of the aerodynamic 
roughness, z0. 
 
Figure  7.12 Instantaneous and envelope peak radial velocity 
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Figure  7.13 Maximum mean radial velocity /Vj 
7.4.4 Turbulent Wind Field  
7.4.4.1  Turbulence Intensity 
 
Figure  7.14 Turbulent intensity Iur measured at the time instance of the maximum 
mean radial velocity 
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As discussed in Section 3, wind field resulting from the current simulations is 
decomposed into a running mean and a turbulent component. Downbursts are transient 
events and their mean and turbulent characteristics change with time. However, with 
respect to their effects on structures, characteristics near the time instances of the 
maximum mean velocities are of great importance as they mostly govern peak loads 
associated with these events. Therefore turbulent characteristics are obtained at those 
time instances similar to a study reported by Holmes et al. (2008). This is equivalent to 
treating the downburst turbulence as a piece-wise stationary process and focusing on the 
time interval close to the occurance of the maximum mean velocities. 
Turbulent Intensity, Iur, defined by Equation  7.8, is calculated and plotted in Figure  7.14 
for the four exposure conditions considered in the current study. As shown in Figure 
7.14, turbulent intensity is high near the ground and decreases with the increase in height. 
By relating the turbulent intensity obtained from Figure 7.14 to the maximum mean 
velocity obtained from Figure 7.13, it is found that the turbulent intensity decreases in 
locations where the maximum mean velocity is high. This indicates that the peak 
velocities are mostly due to the mean component. Turbulent intensity near ground at 
locations of maximum mean velocities ranges between 0.08-0.12, 0.08-0.16, 0.08-0.24, 
0.08-0.36, for open, countryside, suburban, and urban exposures, respectively. It is worth 
noting that the average intensity obtained in the current study for the open terrain, 
Iur~0.10, agrees with the findings reported by Holmes et al. (2008) based on a real 
downburst event. 
ur max
ur
r max
I
U

  Equation  7.8 
where maxrU  is the maximum radial velocity, ur max  is r.m.s of the fluctuating velocity 
calculated from the period of  tmax- 1
2 cut. f
: tmax+ 1
2 cut. f
, where tmax is the time instance 
corresponding to the maximum mean velocity. 
7.4.4.2 Turbulence Correlation in the Wide Frequency Band 
Effect of turbulence on a specific structure is assessed with parameters such as turbulence 
intensity, turbulence length scales, and turbulence spectra in addition to the dynamic 
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properties of the structure. In the current study, turbulence length scales in the 
circumferential, Lϴ, radial, Lr, and vertical, Lw, directions are evaluated. Circumferential 
and vertical length scales, Lϴ and Lw, are obtained directly, as the fitting parameters, from 
fitting the spatial correlation functions, R(dϴ) and R(dz), given by Equations 7.9 and 
7.10, respectively.  
.( ) exp r dR d
L


 
  
 
 Equation  7.9 
( ) exp
w
dzR dz
L
 
  
 
 Equation  7.10 
where dϴ, dz are the magnitude of angular and vertical separations, respectively.  
Radial length scales, Lr, can be expressed as a function of the mean velocity and the 
turbulence time scale, turb , as given by Equation  7.11. Maximum mean radial velocity, 
Urmax, is used to represent the mean velocity in Equation  7.11, as the turbulence is 
extracted near the time instance of the maximum mean, tmax.  Turbulent time scale, turb , is 
evaluated by integrating the autocorrelation function, ( )R  , as given by Equation  7.12. It 
should be mentioned that the autocorrelation function may have a negative sign. In such 
cases, the integration is stopped at the time of the first zero crossing, 0 cross  , similar to 
Katul and Parlang (1995).  
max .r r turbL U   Equation  7.11 
 
01/ ,
0
( ).
cut crossf
turb R d

  

   Equation  7.12 
where τ0-cross is the time corresponding to the first zero crossing of the autocorrelation 
function ( )R  .  
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Figure  7.15 Procedure of obtaining the length scales from the fluctuating velocities 
(a) fluctuating radial velocities (b) fitting the circumferential correlation function 
R(dz) (c) fitting the vertical correlation function R(ϴ) and (d) averaging the 
autocorrelation function  
Sample plot of turbulent velocities at a location of R=1.5Dj for the open terrain condition 
obtained at different angles ϴ and heights Z is shown in Figure  7.15.a, and the correlation 
functions in the circumferential, vertical, and radial directions are plotted in Figures 
7.15(a, b, c), respectively. A circumferential correlation function, R(ϴ), is calculated 
using twelve turbulent velocity vectors extracted at every 30o and then fitted with the 
expression given by Equation  7.9, as shown in Figure 7.15(b). A vertical correlation 
function, R(dz), at typical height, Z, is calculated by employing 10 velocity vectors, five 
on each side of the height extracted at every 0.005 Dj and then fitted by using Equation 
 7.10, as shown in Figure 7.15(c). Autocorrelation function, ( )R  , is calculated by 
averaging the autocorrelation functions of the velocity vectors taken at every 30o, as 
shown in Figure  7.15(d). 
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Contour plots of the circumferential length scale, Lϴ, are plotted in Figure  7.16. It appears 
from this figure that the circumferential length scale, Lϴ, reaches up to 9 times the jet 
diameter Dj. This large value indicates that turbulence associated with downbursts is very 
well correlated in the circumferential direction, which agrees with the findings reported 
by Holmes et al. (2008). It is found that large values of, Lϴ, cover wider areas in the case 
of smother exposures (z0=0.03 and 0.1 m) than areas in case of rougher exposures (z0=0.3 
and 0.7 m). This emphasizes that rougher exposures are able to breakdown the correlated 
turbulence into a random turbulence. 
 
Figure  7.16 Circumferential length scale of turbulence Lϴ 
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Figure  7.17 Vertical length scales of turbulence Lw 
 
Figure  7.18 Radial turbulence length scale Lr 
Contour of vertical length scales, Lv, are plotted in Figure  7.17. As shown in the figure, 
vertical length scales generally ranges between 0.05-0.25Dj, which is relatively smaller 
compared with circumferential length scales by at least an order of magnitude. This 
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emphasizes that the turbulence associated with downbursts is less correlated in the 
vertical direction compared to the circumferential direction, which is favorable in 
designing tall structures. Turbulent length scale in the vertical direction, Lv, at the 
location of the maximum mean velocity (R=1.1-1.3Dj) is found to be in the order of 
0.05Dj. This represents a 50 m length scale for a typical downburst with 1000 m 
diameter, which is compatible with the length scales defined in the ASCE (2010) for 
normal wind. Radial length scales, Lr, are plotted in Figure 7.18. It appears that a length 
scale ranges between 0.3-0.6Dj in the zone where mean velocities are maximum (R=1.1-
1.3Dj) above the height of the roughness elements. For a typical downburst with 1000 m 
diameter, this represents a length scale of 300-600 m which is larger than the longitudinal 
length scales for synoptic winds 85-150 m according to the AS/NZS (2011). Larger 
length scales indicate that downburst turbulence is better correlated in the wind direction 
than the turbulence associated with normal winds. Turbulent length scales, Lϴ, Lv and Lr, 
characterize the correlation in the wide frequency band. This is of a particular importance 
to quantify background forces on structures.  
7.4.4.3  Turbulence Spectra 
Power spectrum density of turbulent velocities at four points located at R and Z equal to 
(0.02, 1.0)Dj, (0.04, 1.0)Dj, (0.02, 1.5)Dj and (0.04, 1.5)Dj are calculated and plotted in 
Figure  7.19. These points are chosen as they bound the area where the peak velocities are 
expected. It is worth mentioning that frequencies smaller than fcut are not shown in the 
figure as they correspond to the mean component. For comparison purposes with normal 
wind, Von Karman spectra, represented by Equation  7.13 (AS/NZS 2011), is also plotted 
in Figure  7.19. 
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As shown in Equation 7.13, u  is the r.m.s fluctuation, Um is mean velocity, which is 
taken equal to the maximum mean velocity Urmax, f represent frequency, Lr represent 
turbulent length scale in the radial direction which is taken from Figure  7.18. 
 
Figure  7.19 Turbulent spectra 
Figure  7.19 shows that the spectra obtained at a radius R equals to 1.0Dj shows a 
reasonable agreement with VonKarman's especially for rougher exposures. With the 
increase of the radius, a steeper slope more than -2/3 of VonKarman is found. This agrees 
with the finding reported by Holmes et al. (2008) for a real downburst event although 
they reported a less steep slope. Generally, the steeper slope indicates that flexible 
structures with natural frequencies, 0.1-1 Hz, are less susceptible to dynamic excitation 
by downburst turbulence than by normal wind turbulence. Figure  7.19 also shows the 
roughness effect on the spectra. It is found at radius R equals to 1.0 Dj, that the turbulent 
fluctuation associated with small eddies is higher for the rough terrain exposures, z0=0.3 
and 0.7 m, than the fluctuations for moderate rough exposures, z0=0.03 and 0.1 m. 
However, with increasing the distance from the downburst jet, R=1.5Dj, energy 
associated with smaller eddies becomes higher in moderate rough exposures z0=0.03-0.1 
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m. This indicates that rough exposures are able to breakdown the turbulence into smaller 
eddies in shorter distances than moderate rough exposures.  
7.4.4.4  Peak Radial Wind Velocity  
 
Figure  7.20 Peak factor gv 
In the current study, peak factor of the radial velocity fluctuations, gv, is estimated 
statistically. This peak factor quantifies the peak velocities,  rU , as expressed by 
Equation  7.14. A peak factor, gv, represents the ratio between the peak fluctuations to the 
r.m.s fluctuations and can be calculated from Equation  7.15. Estimating the peak factor 
statistically is more stable than the estimation using absolute peak velocities.  
  max 1 .r r v rU U g I   Equation  7.14 
0.57722 (2 )
2 (2 )v
g ln T
ln T


   Equation  7.15 
where   is the rate of zero crossing of the fluctuating velocity, T is averaging time which 
is equal to 1/fcut. 
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An average rate of zero crossing , which represents the average frequency of the 
turbulence, is required in order to obtain the peak factor, gv, using Equation  7.15. 
Expression given by Equation  7.16, is used to obtain such average rate,  . The resulting 
peak factor, gv, is plotted in Figure  7.20. As shown in Figure 7.20, peak factor, gv, is less 
sensitive to the location in the domain and ranges between 2.00-2.20. 
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 Equation  7.16 
where Su(f): spectra of the radial velocity, fs: sampling frequency 
7.4.4.5  Turbulent Correlations in the Narrow Frequency Band 
 
Figure  7.21 Fitting the root coherence function 
Turbulent correlations in the narrow frequency band are required for cases where 
structures are susceptible to dynamic excitations by wind turbulence. Turbulent 
correlations in the narrow frequency band can be represented by the root coherence,
, given by Equation  7.17.  
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max
. .( ) exp C f df
U

 
  
 
 Equation  7.17 
where f  is the frequency, Umax is maximum mean velocity, C is coherency decay 
constant, and d is distance between velocity pairs, which is taken equal to dz and R.dϴ 
for vertical and circumferential directions, respectively. 
The constant C in Equation 7.17 is called the coherency decay constant. It characterizes 
the correlations in the narrow frequency band. High values of C represent low 
correlations, while low values indicate high correlations. Variation of the narrow band 
correlations characterized by the coherency decay constant, C, is studied. Root 
coherence, ( )f , is plotted for the turbulent velocity vectors obtained at different vertical 
and circumferential locations. Sample root coherences for velocity vectors that vary in 
the vertical and circumferential directions at radius R of 2.0Dj and elevation Z of 0.004Dj 
are plotted in Figure  7.21(a), b, respectively. By fitting the root coherence with the 
expression in Equation  7.17, coherency decay constants Cw and Cϴ are obtained as the 
fitting parameter in the vertical and circumferential directions, respectively. These 
constants are shown in Figure  7.21(a), and (b), respectively. Variation of the coherency 
decay constants, Cw, and, Cϴ, is shown by the contour plots in Figures 7.22 and 7.23, 
respectively. As shown in these figures, the constant, Cw, generally decreases with the 
increase of height, which agrees with the findings reported by Chen and Letchford 
(2005). It is found that the constant Cw is of the order of 10 at the location of maximum 
mean velocities, i.e. R=1.1-1.3Dj. This is consistent with the range of values used for 
normal winds, 5-15 (Holmes et al. 2008). The decay constant in the circumferential 
direction, Cϴ, has relatively smaller values, which is expected because of the well 
correlation of the turbulent in the circumferential direction. This means that downbursts, 
with a well correlated turbulence having frequencies close to the structures' frequencies, 
might excite flexible long horizontal structures more than normal winds. 
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Figure  7.22 Coherency decay constant in the vertical direction Cw 
 
Figure  7.23 Coherency decay constant in the circumferential direction Cϴ 
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7.5 Assessing the Dynamic Effect on Transmission Line 
Conductors  
In the previous section, downburst wind fields resulting from LES considering various 
terrain exposures are investigated in detail. In this section, the resulting wind fields are 
employed to assess the importance of including the dynamic effect on the responses of 
TL conductors. TL conductors with single-spanned and six-spanned systems, previously 
investigated in Chapter 5 considering an open terrain exposure, are reconsidered here for 
further assessment. This assessment accounts for different terrain exposures. It also 
employs wind fields with a detailed turbulent component that was not investigated in 
Chapter 5.  
Assessment of the dynamic response of the conductors is performed considering the eight 
downburst cases previously considered in Chapter 5 and summarized in Table 7.3. These 
cases cover two downburst scenarios: (i) four cases leading to maximum longitudinal 
reactions (ii) four cases leading to maximum transverse reactions. Each four cases covers 
two conductor spans with two reference velocities, as summarized in Table 7.3. A 
reference velocity, Vref, is taken as the maximum mean velocity at the nearest point on the 
conductor to the downburst centre (point “p” shown in Figure 5.2). Figure  7.24 shows 
samples of the mean, turbulent and total velocity time histories taken at point p for the 
downburst case (no.1).  
Table  7.3 Studied cases 
Case 1 2 3 4 5 6 7 8 
Type* Dbx Dbx Dbx Dbx Dby Dby Dby Dby 
Lx (m) 300 300 500 500 300 300 500 500 
Vref (m/s) 40 20 40 20 40 20 40 20 
Dbx, Dby: Downburst case for the maximum longitudinal reaction Rx 
(D=2.0 Lx, R=1.60 Dj and Ɵ=30o) and transverse reaction Ry (D=2.0 Lx, 
R=1.20 Dj and Ɵ=0o); Vref: Reference mean velocity  
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Figure  7.24 Velocity time history at point p for downburst case no. 1 (Dbx, Lx=300, 
Vrefp=40 m/s) 
Mean and fluctuating forces acting on the conductor, resulting from downburst velocities, 
are calculated as described in section 5.3. Responses of the conductor systems under the 
applied forces are obtained using the three steps technique described in the same section 
to distinguish between the mean, background and resonant components. Sample 
responses obtained for downburst case (no. 1) falling over open, countryside, suburban 
and urban exposures are illustrated in Figures D.1-D4, respectively, provided in 
Appendix D. In these figures Ry1 and Ry6 represent the transverse reactions and Rx1 and 
Rx6 represent the longitudinal reactions resulting from the single-spanned system and the 
six-spanned system, respectively. The resulting responses are used to calculate the Gust 
Factor, GF, defined as the ratio between the peak responses to the maximum-mean 
responses. Two gust factors are calculated based on how the peak responses are defined: 
(1) the first is called the dynamic gust factor, GFDy, where the peak responses result from 
the contribution of the mean, background and resonant components. (2) The second is 
called the quasi-static gust factor, GFQS, where only the contribution of the mean and the 
background components is considered in calculating the peak responses. The gust factors 
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are summarized in Tables D1, D2, D3, and D4, located in Appendix D, for open, 
countryside, suburban and urban terrain exposures, respectively. The contribution of the 
mean, ContM, background, ContBG, and resonant, ContR, components to the peak 
responses are calculated using the expressions shown in Equation  7.18 and they are 
plotted in Figures 7.25-7.28 for the considered terrain exposures.  
1
M
Dy
Cont
GF
 ,  
1QS
BG
Dy
GF
Cont
GF

 , R
Dy QS
Dy
GF GF
Cont
GF

  Equation  7.18 
The contribution of the resonant component, ContR, which is reported in Tables D1-D4, 
represents the error in the estimated peak response when the dynamic effect is not 
considered. High contribution implies the importance of conducting dynamic analysis. 
The following remarks can be deduced by observing the values of ContR calculated for 
different cases. It should be noted that these remarks are based on the values of ContR for 
the longitudinal reaction, considering solely downburst cases which are critical for the 
longitudinal reaction, and for the transverse reaction considering only downburst cases 
which are critical for the transverse reaction. This is because these critical cases are 
responsible for the maximum reactions. 
 For moderately rough exposures (open and countryside), maximum contribution 
ContR of the longitudinal reaction is found to be 10% for the high reference 
velocity (40 m/s) and 21% for the low reference velocity (20 m/s). Maximum 
ContR for the transverse reaction is found to be in the order of 6% for both 
reference velocities. This indicates that, when considering moderately rough 
exposures, the dynamic effect may be neglected for high reference velocities but 
has to be considered for low reference velocities. This observation is compatible 
with the findings made in Chapter 5 considering solely an open terrain exposure. 
 For rough exposures (suburban and urban), the dynamic effect is shown to be 
important under both low and high reference velocities. For example, maximum 
ContR is found to be 16% for the longitudinal reaction at  the low reference 
velocity (20 m/s) and 38% for the transverse reaction at the high reference 
velocity (40 m/s).  
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 Increasing the span length tends to decrease the contribution of the resonant 
component ContR for all cases. This is because the correlation between the 
turbulent velocities decreases with the increase in the span length.  
 
Figure  7.25 Mean, background and resonant contributions to the peak response - 
open terrain (z0=0.03 m) 
 
Figure  7.26 Mean, background and resonant contribution to the peak response- 
country side terrain  (z0=0.1 m) 
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Figure  7.27 Mean, background and resonant contribution to the peak response-  
suburban terrain  (z0=0.3 m) 
 
Figure  7.28 Mean, background and resonant contribution to the peak response -  
urban terrain (z0=0.7 m) 
In order to compare the responses obtained from different cases, a general normalization 
using a force, gyp.Lx, is applied to the reaction responses, as shown in Figure  7.29. This 
normalization force is equal to the product of the wind intensity applied at point p, gyp* 
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(expressed by Equation  5.17), and the span length Lx. This force, gyp.Lx, represents the 
maximum mean transverse force acting on the towers assuming a uniform distribution of 
wind load. 
* 21 . . .
2yp d ref
g C V D ,           Equation  7.19 
Figure  7.29 shows the normalized peak reactions for the four considered terrain 
conditions. As shown in the figure, the maximum normalized peak transverse reactions 
Ry1p and Ry6p happen under rough terrain exposures (suburban with z0 =0.3 m and urban 
with z0=0.7 m), and are equal to 75% and 80%, respectively. The maximum normalized 
peak longitudinal reactions Rx1p and Rx6p happen under smooth terrain exposures (open 
with z0 =0.03 m and countryside with z0=0.1 m), and are equal to 290% and 45%, 
respectively. These values indicate that the developed longitudinal peak reactions, Rx1p 
and Rx6p are significant and accordingly are recommended to be included in the design of 
the line. 
 
Figure  7.29 Peak response normalized by gpy. Lx for the different terrain exposures 
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7.6 Application of the Gust Front Factor (GFF) Approach to 
Obtain the Peak Responses of Transmission Line 
Conductors  
Gust factor for a structure, originally proposed by Davenport (1967) represents the ratio 
between the peak displacement and the mean displacement. Such a GF is extensively 
examined by Solari (1993a,b) and  Simiu and Scanlan (1996). Later Zhou and Kareem 
(2001), suggested a new definition for the gust factor as the ratio between the peak base 
moment and the mean base moment. The new definition is believed to allow for a more 
accurate estimation of the effective forces experienced by the structures. Gust factor 
approach widely used in the design codes, such as the ASCE (2010) and the AS/NZS 
(2011), is valid for synoptic winds. Kown and Kareem (2009) suggested a new frame 
work called the gust front factor (GFF) which is valid for both synoptic and non-synoptic 
winds including downbursts. The new GFF includes some factors to account for the non-
stationarity associated with the non-synoptic winds. Those factors converge to unity for 
the case of stationary wind letting the new GFF converging to the original GF. 
Unfortunately, the new GFF requires the characteristics of the non-synoptic event and 
involves heavy calculations. Both can delay the implementation of the GFF in design 
codes. Downburst characteristics obtained in the current study can be used directly in the 
new GFF. With regard to the computational demand involved in this process, properties 
of the structure and the dynamic characteristics of the event play a significant role. For 
the case of transmission line (TL) structures for instance, the dynamic behaviour can be 
decoupled into behaviour of tower and behaviour of conductor, separately. That is 
because of the gap between their natural frequencies. Typical towers, with overall height 
less than 50 m, have a fundamental frequency larger than 1 Hz. This makes them far from 
being excited by wind turbulence. Conductors have lower frequencies than towers, which 
makes them susceptible to be excited by turbulence. Fortunately, as indicated from the 
results obtained in the previous section, the dynamic effect of the conductor is minor 
when considering moderate rough terrains (open and suburban) under high velocities, 
typically encountered during downburst events. This can simplify the GFF for this type of 
structures by considering only the mean and the background components. Considering 
the mean and the background components is a common practice in design codes for 
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typical TL structures under synoptic winds, as in the ASCE (2010), IEC (2003) and the 
AS/NZ (2010). By considering mean and background components, GFF for a response R 
can be expressed by Equation  7.20 using the statistical method proposed by Davenport 
(1993). This requires information about the normalized mean velocities, u , turbulent 
intensities, Iur,  turbulent length scales, LDb, and peak factor, gv, that can be easily 
obtained from the current study. 
m
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1 2. . / Iv LDb
RGF g J
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Equation  7.20 
As shown in Equation 7.20, Rˆ and R are the peak and the mean responses, respectively; 
JLDb is called the joint acceptance function and it depends on the length scales of the 
downburst turbulence LDb in the direction of the conductor; n is a local axis. For the six 
spanned system n is equal to -3, 0 and 3 at the far left, intermediate and far right towers, 
respectively. For the single spanned system, n is equal to 0 and 1 for the left and right 
towers, respectively; iR(n) is the influence line of the response R; u is the normalized 
mean velocity along the structure, where u =Ur(n)/Uref, and Uref is the reference velocity. 
It should be noted that the usage of the above expression, requires the influence line, iR, 
of different responses to be known. Influence lines for transverse reactions for a single 
spanned system, iRy1, and for a six spanned system, iRy6, are straight forward and can be 
expressed by Equations 7.21 and 7.22, respectively. On the other hand, influence lines for 
the longitudinal reactions require further study since they do not have available 
expressions yet.  
1
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 Equation  7.21 
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 Equation  7.22 
7.7 Conclusions 
In the current study, Large Eddy Simulation (LES) of downbursts falling on various 
exposure conditions are performed. Ground roughness is simulated by fractal surfaces 
generated using the RFM and scaled to produce an aerodynamic roughness, z0, equals to 
0.03, 0.1, 0.3 and 0.7 m corresponding to open, country side, suburban and urban 
exposures, respectively. Wind field resulting from simulations is decomposed into mean 
and turbulent components. Mean component is extracted using spatial and temporal 
averaging. By subtracting the mean component from the wind field, turbulent component 
is obtained. Results of the mean wind field show the following: 
 Vertical component of the velocities appear to be minor when compared with the 
radial component. 
 Profiles of the peak and instantaneous maximum radial velocity, obtained in the 
current study for open exposure, are in a good agreement with the profiles 
obtained from field measurements, experiments and simulations available in the 
literature.  
 Ground roughness is found to affect the profiles of the peak velocities. It is 
observed that with increasing the roughness, the peak velocity decreases and the 
height where the peak velocity takes place increases. This observation agrees with 
the trends found in the literature.  
Analysis of the turbulent wind field indicates that the turbulent intensity, I, decreases at 
locations where the mean velocities are maximum. Generally, turbulent intensity, I, at the 
locations of maximum mean velocities ranges between 0.08-0.12, 0.08-0.16, 0.08-0.24, 
0.08-0.36 for open, country side, suburban and urban exposures, respectively. The 
average turbulence intensity obtained for the open exposure, I~0.10, agrees with the 
turbulence intensity reported by Holmes et al. (2008) for a real event. Turbulence 
correlations in the wide frequency range characterized by turbulent length scales, are 
investigated. Turbulence length scales in the circumferential, Lϴ, and the vertical, Lv, and 
radial direction, Lr are evaluated and the following are deduced: 
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 Circumferential length scale, Lϴ, reaches up to 9 times the jet diameter Dj for the 
four studied exposures. These large length scales indicate that turbulence 
associated with downbursts is very well correlated circumferentially. It is 
observed that large values exist on wider areas for moderate rough exposures, 
z0=0.03 and 0.1 m, than in the rough exposures, z0=0.3 and 0.7 m. This 
emphasizes that rough terrains are more able to breakdown the correlated 
turbulence into a random turbulence. 
 Vertical length scales ranges between 0.05-0.25Dj, which is smaller than the 
circumferential length scales by an order of magnitude. This is favorable for the 
case of tall vertical structures compared to long horizontal structures as the 
fluctuating forces are less correlated. Average turbulence length scale for a typical 
downburst of 1000 m diameter, at locations where mean velocities are maximum, 
is found to be compatible with the vertical length scale for normal winds. 
 Radial length scales, Lr, ranges between 0.3-0.6Dj in the zone where mean 
velocities are maximum. These represent 300-600 m radial length scales for the 
case of a typical downburst of 1000 m diameter, which are larger than typical 
longitudinal length scales for synoptic winds.  
Turbulence spectra are plotted for four points, which bound the area where the peak 
velocities are expected, and compared with von Karman spectrum for synoptic winds. 
The spectra obtained at the radius R=1.0Dj is close to the spectra of normal wind 
especially for the case of rough exposures, z0=0.3 and 0.7 m. With the increase of the 
radius, the spectra tend to have a steeper slope than the -2/3 of the normal wind. This is 
favorable for wind sensitive structures with frequencies (0.1-1 hz) as they may not be 
excited by the turbulence from the downbursts. The spectra belonging to small eddies at 
the locations where the radius R is equal to Dj, is less for the cases of moderate rough 
exposure compared to rough exposures. At the larger radius, R=1.5Dj, however, the 
spectra corresponding to the small eddies becomes higher in the cases of moderate rough 
exposures. This indicates that rough exposures are able to breakdown the turbulence into 
smaller eddies in shorter distances than by moderate rough  terrains.  
220 
 
Peak factor of the radial wind fluctuations is insensitive to the spatial location and 
generally ranges in between 2 to 2.2.  
Turbulent correlations in the narrow frequency band characterized by the coherency 
decay constants are studied in the vertical and the circumferential directions. Decay 
constant in the vertical direction, Cw, is found to decrease with the increase in the height. 
The constant has a value in the order of 10 near the ground at the locations of the 
maximum mean velocities that is compatible with the normal winds. Decay constant in 
the circumferential direction, Cϴ, is found to be smaller by an order of magnitude than the 
constant in the vertical direction. This indicates that downburst turbulence is very well 
correlated in the circumferential direction compared to the vertical direction, which could 
be unfavorable for long horizontal structures.  
Downburst wind fields resulting from LESs are employed to assess the importance of 
including the dynamic effect while obtaining the responses of transmission line (TL) 
conductors and the following observations are made for the considered cases: 
 For moderate rough terrains (open and countryside), the dynamic effect is low (up 
to 10 % for the longitudinal reaction and 6% for the transverse reaction) and may 
be neglected when considering the high reference wind speed (40 m/s). Under the 
low reference speed (20 m/s), dynamic effect is high (21 % for the longitudinal 
reaction) and has to be accounted for. 
 For rough terrains (suburban and urban), the dynamic effect is high (up to 16 % 
for the longitudinal reaction for the high reference wind speed and 38% for the 
transverse reaction for the low reference wind speed) and has to be accounted for 
under both high and low reference wind speeds. 
 Increasing the span length tends to decrease the contribution of the resonant 
component ContR for all cases. This is because the correlation between the 
turbulent velocities decreases with the increase in the span length.  
Finally, the applicability of using the gust front factor (GFF) approach to evaluate the 
peak responses of TL conductors is emphasized. It is found that the characterization of 
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the wind field conducted throughout this study is very useful and the resulting flow 
characteristics can be implemented directly in the GFF approach. 
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Chapter 8  
8 Conclusions and Recommendations  
The current thesis investigates the behaviour of TL conductors under downburst wind 
considering various terrain exposures. The study is motivated by the lack of information 
about (i) the response of TL conductors under downburst wind, (ii) the wind field of 
downburst events happening over different terrain exposures typically encountered by 
TLs. The research conducted in this thesis involves the following phases: 
1. Development and validation of an effective numerical technique to calculate the 
reactions of a multi-spanned transmission line conductor system under loads 
generated by High Intensity Wind (HIW) events in the form of tornadoes and 
downbursts. The technique is based on a semi-closed form solution for obtaining 
the displacements and the reactions at the ends of each conductor span. 
2. Derivation and validation of a closed-form solution, suitable for structural 
practitioner engineers, to calculate the reactions of a multi-spanned transmission 
line conductor subjected to downbursts loads. This closed-form solution is 
derived for two cases: (i) downburst with arbitrary size and relative location to the 
tower of interest (ii) downburst with critical size and location causing maximum 
transmitted forces from the conductor to the tower of interest. 
3. Derivation and validation of a new analytical expression for the conductor 
aerodynamic damping under downburst wind accounting for the localized nature 
of the downburst represented in the event size and its relative location to the 
conductor.  
4. Assessment of the dynamic response of single and multiple spanned TL conductor 
systems subjected to fluctuating downburst and synoptic wind fields 
corresponding to open terrain exposure. Two critical downburst configurations, 
recommended in the literature and expected to cause the maximum conductor 
reactions, are considered in the study. 
5. Development and validation of a new model to simulate terrain roughness using 
Large Eddy Simulation (LES) based on the usage of fractal surfaces. This new 
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model does not have the maximum roughness constraint that exists in the 
commonly used wall functions for simulating terrain roughness.  
6. Characterization of the turbulence associated with the downbursts falling over 
various terrain exposures typically encountered by TLs. The roughness model 
developed in phase (5) is utilized to simulate the terrain roughness. This is 
followed by dynamic analyses of the conductor systems similar to the conducted 
analyses in phase (4) for open terrain exposure while covering other exposures.  
The general conclusions obtained from the six conducted phases are presented below. 
8.1.1 Effective Technique to Analyze Transmission Line 
Conductors under High Intensity Winds  
In this chapter, an effective numerical technique to evaluate the reactions of a multi-
spanned transmission line conductor system under loads varying along the spans such as 
those induced by HIW is developed. A semi-closed form solution to obtain the 
displacements and reactions at the ends of each conductor span is derived. The derivation 
of the semi-closed form solution led to a system of non-linear equations. A numerical 
scheme is proposed to solve these simultaneous non-linear equations. The technique is 
employed to analyze two TL conductors subjected to downburst and tornado load cases. 
In order to assess the accuracy of the technique, Finite Element Analysis (FEA) is 
conducted for the same conductors under the same loads. The responses calculated from 
the proposed technique and those obtained from the FEA are compared and the following 
observations are noticed: 
 Reactions and displacements calculated using the new technique show good 
agreement with the FEA. The maximum difference in the displacements between 
the two methods is 4% and 5% for downburst and tornado cases, respectively. For 
the reactions, the maximum difference is found to be 5% for downbursts and 6% 
for tornadoes. 
 The new technique shows a significant reduction in the computational time 
compared to FEA. The new technique is 185 times faster than the FEA, for the 
considered cases. Analysis of transmission lines under HIW requires conducting a 
large number of analyses to capture the critical sizes and locations of these 
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localized events. Consequently, a reduction in the computational time for each 
analysis becomes very important for such applications. 
8.1.2 A Closed Form Solution for the Reactions of a Transmission 
Line Conductor under Downburst Winds  
A closed form solution to evaluate the reactions of a transmission line conductor 
subjected to downburst loads is derived. A simplified multi-spanned conductor-insulator 
system is considered in the derivation where the supporting insulators to the right and the 
left of the tower of interest are modeled using a combination of roller supports and linear 
springs. The considered system accounts for the coupling effect between adjacent spans 
while reducing the system complexity. The solution is derived to cover two cases: (1) 
downburst with arbitrary size and relative location to the tower of interest (2) downburst 
size and location responsible for inducing the peak longitudinal reaction and previously 
recommended for the line design. Accuracy of the derived solution is assessed by 
comparing its results with those obtained from Finite Element Analysis (FEA). Both the 
derived solution and the FEA are employed to analyze thirty two cases of downburst with 
a generic size and location, and eighteen cases of downbursts that produce maximum 
longitudinal reactions. Based on the results of these analyses, the following conclusions 
are made: 
 A reasonable accuracy of the model is found when compared with FEA results. A 
maximum difference in longitudinal reactions is found to be in the order of 15% 
while for transverse reactions the difference is in the order of 7%.  
 The derived solution is substantially easy to obtain the reactions of the conductors 
under downbursts. The proposed closed form solution is considered as a novel 
technique that can directly be used to obtain maximum longitudinal reactions for 
downbursts. This expression can be of a significant importance for line designers. 
8.1.3 Aerodynamic Damping of Transmission Line Conductors 
under Downburst Winds  
A new analytical expression for the aerodynamic damping of transmission line 
conductors subjected to downburst winds is developed. The expression accounts for the 
changes in the conductor's frequencies due to the changes of the downburst mean 
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velocities with the time. Also the expression accounts for the localized effect of the 
downburst, represented by the event size and its relative location to the conductor. The 
developed expression is validated using a CFD technique that is able to obtain the 
conductor wind induced response. The accuracy of this CFD technique to predict the 
Fluid Structure Interaction (FSI) between the incoming wind and the conductor is first 
validated. Then, the technique is used to obtain the conductor response under the effect of 
downburst winds. The conductor response is compared with that obtained from dynamic 
analysis, using Newmark's method, where the damping is evaluated by the proposed 
analytical expression. An excellent agreement between the responses obtained from CFD 
and dynamic analysis employing the proposed damping expression is found. The results 
of this comparison indicate the capability of the proposed expression to accurately 
estimate the aerodynamic damping under downburst winds.  
8.1.4 Assessment of Dynamic Effects for Transmission Line 
Conductors under Downburst and Synoptic Winds 
Dynamic analyses of single-spanned and multiple-spanned conductor systems are 
performed to assess the need of conducting dynamic analysis. The study includes twelve 
different cases by varying the wind type, the mean wind velocity and the span length. 
Downburst and synoptic winds corresponding to open terrain exposure are used as 
different types of wind loading. Two downburst loading scenarios leading to maximum 
longitudinal conductor reaction, Dbx, and maximum transverse conductor reaction, Dby, 
are considered. Two mean wind velocities, (Vref =20 and 40 m/s) and two span lengths, 
(Lx=300 and 500 m) are used in the analyses. A number of 6 spans (three on each side to 
the tower of interest) are used in the study to model the multiple-spanned system based 
on a recommendation given in the literature. Analysis of the two systems is conducted to 
obtain longitudinal and transverse reactions at the intermediate tower of the multiple-
spanned system and at the left tower for the single spanned system. Analysis of the 
conductor systems is conducted using the following three steps in order to distinguish 
between mean, background and resonant components of the responses: (i) non-linear 
quasi-static analyses under running-mean wind velocities are conducted to obtain the 
conductor time dependent mean responses and stiffness. Time-dependent stiffness is 
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calculated from conductor tension forces and deformed profile. (ii) linear dynamic 
analysis is then conducted under fluctuating wind forces using the updated conductor 
stiffness. Fluctuating responses resulting from the dynamic analysis contain both 
background and resonant components. (iii) quasi-static analysis is conducted under 
fluctuating wind forces to obtain the background component, which is subtracted from 
the overall fluctuating responses to get the resonant component. The ratio between the 
peak responses to the maximum mean responses, defined as the Gust Factor (GF), is 
evaluated using both the dynamic analysis, GFDy, and the quasi static analysis, GFQS. The 
contribution of different components to the peak response is evaluated and the following 
conclusions are drawn from the results: 
 Peak transverse reactions for the single-spanned system, Ry1p, and the six-spanned 
system, Ry6p, are found to be equal to 70%, 125% of the force gyp*.Lx. This force, 
gyp.Lx, represents the maximum mean transverse force acting on the towers 
assuming a uniform distribution of the wind load. The peak longitudinal reaction 
for the single spanned system, Rx1p,  and the six spanned system, Rx6p, are found 
to be equal to 390% and 45 % of the force gyp*.Lx, respectively. As indicated from 
the values, the developed longitudinal reactions in the two systems are significant 
and accordingly are recommended to be included in the line design. 
 The contribution of the resonant component, ContR, to the peak longitudinal 
reaction Rx1 for the single-spanned system reaches a maximum value of 16% for 
downburst and synoptic wind cases when considering the low reference velocity 
(20 m/s). Under the high reference velocity (40 m/s), the contribution ContR, 
reaches a maximum value of 5% for both downburst and synoptic wind cases. 
These results indicate that dynamic analysis may be not neglected under high 
velocities but is recommended for the line desing under low velocities due to both 
downbursts and synoptic winds. 
 The maximum contribution to the peak transverse reaction Ry6 and to the peak 
longitudinal reaction Rx6 for the six-spanned system is found in the order of 5% 
and 6%, respectively, for both downburst and synoptic wind cases. These low 
contributions imply that conducting dynamic analysis may not be necessary for 
estimating the peak reactions for the six-spanned system.  
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 Gust factors of both the longitudinal and the transverse reaction for the single-
spanned system are shown to be larger than those for the six-spanned system. This 
is because correlated fluctuations characterized by the length scale, Luv, cover a 
higher percentage of the conductor length for the single-spanned system than that 
for the six-spanned system. 
 
8.1.5 LES of Wind in the Built-Environment: Inflow and Roughness 
Induced by Fractal Surfaces  
In this chapter, the limitation on the maximum terrain roughness that can be simulated 
using Large Eddy Simulation (LES) is discussed. This limitation is found to be very 
influential for the cases of moderately rough to rough surfaces typically encountered by 
TLs. For such cases, this limitation acts as an obstacle for obtaining the turbulent 
characteristics of downbursts using LES, which are essential to evaluate the peak 
downburst loads. Therefore, in this chapter, a modification is applied to an existing 
model, called the surface gradient drag-based (SGD) developed by Anderson and 
Meneveau (2010), to relax the constraint of the maximum roughness that can be modeled. 
This is enabled by applying the drag forces on multiple grid layers above the ground. The 
modified model is used to simulate synthesized fractal surfaces representing three terrain 
exposures named countryside, suburban and urban. Large eddy simulations of the 
boundary layers formed above the synthesized surfaces are conducted and the following 
observations are made: 
 The resulting mean wind profile for the generated surfaces perfectly matches the 
targeted logarithmic profile in the region of the constant shear stress. The average 
error between the resulting profiles from the CFD and the targeted profiles is 
found to be equal to -0.3, -0.5 and 0.2 % for z0 equals to 0.1, 0.3 and 0.7 m, 
respectively. 
 Root mean square of the longitudinal fluctuations resulting from the CFD appears 
to be underestimated with an average ratio of 10%. This underestimation is due to 
the filtration of the small scale turbulence that is smaller than the average distance 
between the roughness elements lxy. This observation is made by comparing the 
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longitudinal velocity spectra from the CFD with those from the literature. This 
comparison showed that the two spectra are well matched up to a cut off 
frequency, fcut, which is equal to ( ) /m xyu z l . For the cases where small scales are 
required, a finer grid can be used in the longitudinal direction which will result in 
roughness elements with smaller width, lxy.  
 The results indicate the applicability of using fractal surfaces with the modified 
SGD model to simulate terrain roughness for moderate rough to rough terrains 
typically encountered by TLs. 
8.1.6 Turbulence Characterization of Stationary Downbursts using 
LES 
Large Eddy Simulations (LES) of downbursts acting on different terrain conditions are 
performed. Terrain roughness is simulated by fractal surfaces generated using the 
Random Fourier Modes (RFM) and scaled to have an aerodynamic roughness, z0, that is 
equal to 0.03, 0.1, 0.3 and 0.7 m. These values correspond to open, country side, 
suburban and urban terrain conditions, respectively, according to the Engineering 
Sciences Data Unit 85020: (2001). Drag forces due to the fractal surfaces are introduced 
into the governing flow equations using the modified surface gradient drag SGD model 
proposed in Chapter 6. The wind field resulting from the simulations is decomposed into 
mean and turbulent components. The former is extracted using a spatial and a temporal 
averaging, while the later is obtained by subtracting the mean component from the overall 
wind field. By analyzing the resulting mean component, the following conclusions are 
deduced: 
 The vertical mean component of the velocities appears to be minor when 
compared with the radial component near the ground. 
 Profiles of the peak and instantaneous maximum radial velocity, obtained in the 
current study for the open terrain condition, are in a good agreement with the 
profiles obtained from field measurements, experiments and simulations in the 
literature.  
 Terrain roughness affects the profiles of the peak maximum velocity. By 
increasing the aerodynamic roughness z0, the peak maximum velocity decreases 
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and the height where the peak takes place increases, which agrees with the 
findings reported in the literature.  
Analysis of the turbulent wind field indicates that the turbulent Intensity, I, decreases at 
locations where mean velocities are maximum. Generally, turbulent intensity, I, at these 
locations lies in the range of 0.08-0.12, 0.08-0.16, 0.08-0.24, 0.08-0.36 for open, 
countryside, suburban and urban terrains, respectively. This indicates that the turbulence 
intensity increases with the increase of roughness. The average intensity found for the 
open terrain condition, I~0.10, agrees with the intensity reported in the literature for a 
real event. Turbulent correlations in the wide frequency range, characterized by the 
turbulent length scales, are studied and the following observations are noticed: 
 Circumferential length scale, Lϴ, reaches up to 9 times the jet diameter, Dj, for the 
four studied terrains. This high value indicates that turbulence associated with 
downbursts is well correlated circumferentially. It is also found that high values 
exist on further distances measured from the event centre for moderate rough 
terrains (open and countryside) than for rough terrains (open and countryside). 
This emphasizes that rough terrains have the nature of breaking down the 
correlated turbulence into a random turbulence. 
 Vertical length scales lie within the range of 0.05-0.25 Dj, which is smaller than 
circumferential length scales by an order of magnitude. This is favorable for the 
case of tall structures compared to long horizontal structures as the fluctuating 
forces are less correlated. Average turbulent length scale for a typical downburst 
of 1000 m diameter, at locations where mean velocities are maximum, is found to 
be compatible with the vertical length scale for normal winds. 
 Radial length scales, Lr, are found to be in the range of 0.3-0.6 Dj in the zone 
where mean velocities are maximum. These represent 300-600 m radial length 
scales for the case of a typical downburst of 1000 m diameter, which are greater 
than the longitudinal length scales for synoptic winds.  
 Turbulence spectra are plotted for four points, which bind the area where the peak 
velocities are expected. They are then compared with Von karman spectrum for 
synoptic winds. The spectra obtained at a radius R=1.0 Dj is noticed to be close to 
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the spectra of normal wind especially for the case of rough terrains, z0=0.3 and 
0.7 m. With the increase of the radius, the spectra tend to have a steeper slope 
than -2/3 of the normal wind. This is favorable for wind sensitive structures with 
frequencies (0.1-1 Hz) as they might not be excited by turbulence from 
downbursts as by those from synoptic wind. The spectra which belong to small 
eddies at the points where the radius R equals to 1.0 Dj, is less for the case of 
moderate rough terrains compared to the spectra for the case of rough terrains. On 
the other hand, at a large radius, R=1.5 Dj, the spectra corresponding to small 
eddies become higher in the case of smooth terrains. This indicates that rough 
terrains are able to breakdown the turbulence into small eddies in shorter 
distances compared to smooth terrains.  
 Peak factors of the radial wind fluctuations are evaluated statistically. It is found 
that the peak factors are insensitive to the spatial location and generally lies 
within the range of 2-2.2.  
 Turbulent correlations in the narrow frequency band characterized by the 
coherency decay constants are studied in the vertical and circumferential 
directions. A decay constant in the vertical direction, Cw, is found to be 
decreasing with the increase in the height. The constant has a value in the order of 
10 near the ground at locations of maximum mean velocities, which is compatible 
with normal winds. Another decay constant in the circumferential direction, Cϴ, is 
found to be smaller by an order of magnitude than the constant in the vertical 
direction. This indicates that downburst turbulence is significantly more 
correlated in the circumferential direction than in the vertical direction, which 
could be unfavorable for long horizontal structures. 
Downburst wind fields resulting from the current LES are employed to investigate the 
dynamic behavior of TL conductors. The single-spanned and multiple-spanned conductor 
systems, previously investigated in Chapter 5 under open terrain exposure, are considered 
for further assessment under other exposures. The study is conducted for eight cases that 
cover two downburst scenarios: (i) four cases of downburst winds that cause maximum 
longitudinal reactions (ii) four cases of downburst winds that cause maximum transverse 
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reactions. Each four cases covers two conductor spans (300 and 500 m) and two 
reference velocities (40 and 20 m/s). Responses of the conductor systems are obtained 
using the approach previously utilized in Chapter 5 to distinguish between the mean, 
background and resonant components. By investigating the contribution of the resonant 
component, ContR, to the peak responses the following conclusions can be withdrawn: 
 For moderate rough terrains (open and countryside), dynamic effect is low (up to 
10 % for the longitudinal reaction and 6% for the transverse reaction) and may be 
neglected when considering the high reference wind velocity (40 m/s). Under the 
low reference velocity (20 m/s), dynamic effect is high (21 % for the longitudinal 
reaction) and has to be accounted for. 
 For rough terrains (suburban and urban), the dynamic effect is high (up to 16 % 
for the longitudinal reaction for the high reference wind velocity and 38% for the 
transverse reaction for the low reference wind velocity) and has to be accounted 
for under both high and low reference wind velocity. 
 For all terrains, increasing the span length tends to decrease the contribution of 
the resonant component ContR. This is because the correlation between the 
turbulent velocities decreases with the increase in the span length.  
The obtained turbulent characteristics coupled with the gust front factor (GFF) approach 
is applicable to evaluate the peak responses of TL conductors.  
8.2  Recommendation for Future Research 
The current thesis discusses several topics related to the static and dynamic response of 
transmission lines due to downburst winds occurring over various terrain exposures. For 
future research, the following investigations are suggested: 
 Check the uncertainty of the employed CFD models in comparison with physical 
experiments such as the newly constructed WindEEE dome. 
 Reassess the dynamic effect on the peak transmission line conductor reactions 
using downburst turbulence generated by the newly immerging techniques such as 
wavelet transform and the usage of evolutionary spectra. These techniques can be 
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used instead of the method adopted in the present study and described by Chen and 
Letchford (2004) and Chay et al. (2006).  
 Estimate the Gust Front Factor (GFF) by employing the turbulent characteristics 
of downburst happening over different terrain conditions. This allows for 
calculating peak design loads under downburst.  
 Expand the study conducted in Chapter 7 on the turbulence characterization to 
include tornadoes. 
 Expand the closed form solution developed in Chapter 3 to account for tornado 
loading. 
 Propose new formulations for the GFF under tornado loading for both conductors 
and towers. 
 Study the downburst wind field including the turbulent characteristics for 
different topographies including hills and escarpments for both downbursts and 
tornadoes. 
 Propose topography multipliers for the design loads resulting from downbursts 
and tornadoes to account for the topography effects similar to the multipliers 
commonly used for synoptic winds. 
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Appendix  A: Parameters of the Numerical Technique Used 
to Analyze TL Conductors under HIW 
Definition for the reaction vectors  FyR and  FzR  and for the matrix [ ]NdxNdK  
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Where: 
MigK: The first order moment around i axis at point K induced by a loading gj(s) 
Lx: Span Length 
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Definition for the unbalanced load vector,  1x Ndxf , and the tangential stiffness 
matrix,[ ]x NdxNdK  , in x-direction 
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Appendix  B: Parameters of the Numerical Technique Used 
to Analyze TL Conductors under Downburst Wind 
Definition for the reaction vectors  FyR and  FzR  and for the matrix [ ]yzK  
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where ,gyAj gyBjM M is the moment at the left and right ends of span no. j due to the applied 
load gy; Nd is the number of conductor-insulator connections; Tj is the tension force is 
span j; Lx is the span length. 
Definition for the unbalanced load vector,  1x Ndxf , and the tangential stiffness matrix,
[ ]x NdxNdK  , in x-direction 
 
 
 
 
241 
 
Definition for the unbalanced load vector,  1x Ndxf , and the tangential stiffness 
matrix,[ ]x NdxNdK  , in x-direction 
 
1
1 1
2
2 1 2
1
1
1 2 1
1
:
:

  

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Ndx
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Nd Nd xNd
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Nd xNd
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V
RT T d
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f
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V
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
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x
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Nd Nd
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R C C
V
RC C C C
V
RC C C C
K V
RC C C C
V
RC C
V
 
where Cn is defined below; V: insulator length; dxJ is the x-displacement at node no. J; 
resJR is the resultant force in the insulator no J; L0 is the conductor length that is 
calculated as L0=Lx. (1+8/3.(sag/Lx)2); Qyn is the shear force in span n due to the 
downburst load; dyN is the y-displacement at node N. 
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Appendix  C: Figures for the reaction time responses 
 
 
Figure C1 Reaction Responses for Case 1 (Dbx, Lx=300 m, Vref= 40 m/s) 
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Figure C2 Reaction Responses for Case 2 (Dbx, Lx=300 m, Vref= 20 m/s) 
Figure C3 Reaction Responses for Case 3 (Dbx, Lx=500 m, Vref= 40 m/s) 
 
Figure C4 Reaction Responses for Case 4 (Dbx, Lx=500 m, Vref= 20 m/s) 
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Figure C5 Reaction Responses for Case 5 (Dby, Lx=300 m, Vref= 40 m/s) 
 
 
Figure C6 Reaction Responses for Case 6 (Dby, Lx=300 m, Vref= 20 m/s) 
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Figure C7 Reaction Responses for Case 7 (Dby, Lx=500 m, Vref= 40 m/s) 
 
 
 
Figure C8 Reaction Responses for Case 8 (Dby, Lx=500 m, Vref= 20 m/s) 
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Figure C9 Reaction Responses for Case 9 (Sy Lx=300 m, Vref= 40 m/s) 
 
 
Figure C10 Reaction Responses for Case 10 (Sy, Lx=300 m, Vref= 20 m/s) 
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Figure C11 Reaction Responses for Case 11(Sy, Lx=500 m, Vref= 40 m/s) 
 
 
Figure C12 Reaction Responses for Case 12 (Sy, Lx=500 m, Vref= 20 m/s) 
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Appendix  D: Results of the Dynamic Analyses under Various 
Terrain Exposures 
Samples of the reaction responses 
 
Figure D13 Reaction Responses for Case 1 (Dbx, Lx=300 m, Vref= 40 m/s) for open 
terrain exposure 
 
Figure D14 Reaction Responses for Case 1 (Dbx, Lx=300 m, Vref= 40 m/s) for 
countryside terrain exposure 
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Figure D15 Reaction Responses for Case 1 (Dbx, Lx=300 m, Vref= 40 m/s) for suburban 
terrain exposure 
 
Figure D16 Reaction Responses for Case 1 (Dbx, Lx=300 m, Vref= 40 m/s) for urban 
terrain exposure 
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Table D1 Gust Factors for terrain roughness z0=0.03 m 
 
Resp. 
Type C
as
e Downburst-(Peak Rx) 
C
as
e Downburst-(Peak Ry) 
GFDy GFQS ContR% GFDy GFQS DiffQS% 
Ry1 
1:
 L
30
0 
V
 4
0 1.62 1.52 6.20 
5:
 L
30
0 
V
 4
0 1.12 1.12 0.47 
Rx1 1.52 1.49 1.68 1.17 1.16 0.10 
Ry6 1.63 1.39 15.00 1.16 1.14 1.98 
Rx6 1.61 1.45 10.03 ** ** 13.35 
Ry1 
2:
 L
30
0 
V
 2
0 1.59 1.52 4.34 
6:
 L
30
0 
V
 2
0 1.14 1.12 2.17 
Rx1 1.47 1.47 0.27 1.21 1.20 0.60 
Ry6 1.51 1.40 7.36 1.17 1.13 3.24 
Rx6 1.48 1.28 13.28 ** ** 20.87 
Ry1 
3:
 L
50
0 
V
 4
0 1.52 1.45 4.48 
7:
 L
50
0 
V
 4
0 1.18 1.14 3.82 
Rx1 1.51 1.43 5.31 1.11 1.10 1.27 
Ry6 1.49 1.37 7.84 1.19 1.15 3.29 
Rx6 1.56 1.44 7.44 ** ** 23.14 
Ry1 
4:
 L
50
0 
V
 4
0 1.64 1.45 11.72 
8:
 L
50
0 
V
 4
0 1.20 1.14 5.21 
Rx1 1.43 1.42 0.48 1.08 1.07 0.36 
Ry6 1.55 1.38 10.91 1.20 1.15 3.86 
Rx6 1.36 1.32 3.14 ** ** 15.21 
        ** indicated that the mean response is equal to zero 
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Table D2 Gust Factors for terrain roughness z0=0.1 m 
 
Resp. 
Type 
C
as
e Downburst-(Peak Rx) 
C
as
e Downburst-(Peak Ry) GFDy GFQS ContR% GFDy GFQS DiffQS% 
Ry1 
1:
 L
30
0 
V
 4
0 1.63 1.53 6.16 
5:
 L
30
0 
V
 4
0 1.29 1.25 3.09 
Rx1 1.71 1.67 2.40 1.33 1.32 0.77 
Ry6 1.55 1.45 6.04 1.36 1.28 5.42 
Rx6 1.67 1.50 10.10 ** ** 61.01 
Ry1 
2:
 L
30
0 
V
 2
0 1.62 1.53 5.48 
6:
 L
30
0 
V
 2
0 1.28 1.24 2.56 
Rx1 1.74 1.67 4.17 1.30 1.29 0.58 
Ry6 1.51 1.44 4.86 1.30 1.28 1.87 
Rx6 1.76 1.38 21.34 ** ** 45.47 
Ry1 
3:
 L
50
0 
V
 4
0 1.55 1.47 5.20 
7:
 L
50
0 
V
 4
0 1.45 1.32 8.57 
Rx1 1.53 1.47 3.72 1.31 1.27 2.81 
Ry6 1.49 1.42 4.17 1.43 1.33 6.79 
Rx6 1.62 1.43 11.68 ** ** 53.72 
Ry1 
4:
 L
50
0 
V
 4
0 1.49 1.48 1.09 
8:
 L
50
0 
V
 4
0 1.40 1.32 5.55 
Rx1 1.60 1.46 8.76 1.15 1.14 0.42 
Ry6 1.48 1.41 4.63 1.41 1.33 5.57 
Rx6 1.75 1.43 18.29 ** ** 23.12 
        ** indicated that the mean response is equal to zero 
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Table D3 Gust Factors for terrain roughness z0=0.3 m 
 
Resp. 
Type 
C
as
e Downburst-(Peak Rx) 
C
as
e Downburst-(Peak Ry) GFDy GFQS ContR% GFDy GFQS DiffQS% 
Ry1 
1:
 L
30
0 
V
 4
0 1.97 1.80 8.24 
5:
 L
30
0 
V
 4
0 1.75 1.61 7.97 
Rx1 2.07 2.07 0.18 1.62 1.61 0.62 
Ry6 2.17 1.99 8.23 1.71 1.64 3.58 
Rx6 1.86 1.63 12.33 ** ** 49.39 
Ry1 
2:
 L
30
0 
V
 2
0 1.90 1.81 4.83 
6:
 L
30
0 
V
 2
0 1.68 1.59 5.13 
Rx1 2.10 2.09 0.68 1.51 1.48 1.78 
Ry6 2.01 1.98 1.67 1.81 1.62 10.05 
Rx6 1.78 1.59 10.96 ** ** 6.09 
Ry1 
3:
 L
50
0 
V
 4
0 1.79 1.72 4.34 
7:
 L
50
0 
V
 4
0 1.64 1.64 0.15 
Rx1 1.85 1.83 0.89 1.68 1.62 3.41 
Ry6 1.93 1.83 5.40 1.68 1.66 1.25 
Rx6 1.73 1.65 4.43 ** ** 26.18 
Ry1 
4:
 L
50
0 
V
 2
0 1.78 1.72 3.48 
8:
 L
50
0 
V
 2
0 1.89 1.64 13.23 
Rx1 1.87 1.85 1.01 1.53 1.51 1.53 
Ry6 1.91 1.82 4.60 1.84 1.67 9.05 
Rx6 1.71 1.64 3.94 ** ** 16.10 
        ** indicated that the mean response is equal to zero 
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Table D4 Gust Factors for terrain roughness z0=0.7 m 
 
Resp. 
Type 
C
as
e 
Downburst-(Peak Rx) 
C
as
e 
Downburst-(Peak Ry) 
GFDy GFQS ContR% GFDy GFQS DiffQS% 
Ry1 
1:
 L
30
0 
V
 4
0 1.83 1.60 12.83 
5:
 L
30
0 
V
 4
0 1.61 1.29 20.19 
Rx1 2.30 2.28 0.59 1.47 1.37 6.93 
Ry6 1.39 1.16 16.23 1.62 1.34 17.17 
Rx6 1.65 1.39 15.97 ** ** 61.52 
Ry1 
2:
 L
30
0 
V
 2
0 1.74 1.59 8.80 
6:
 L
30
0 
V
 2
0 1.56 1.31 15.77 
Rx1 2.34 2.34 0.29 1.48 1.40 4.81 
Ry6 1.26 1.17 7.05 2.20 1.35 38.50 
Rx6 1.46 1.37 6.47 ** ** 30.67 
Ry1 
3:
 L
50
0 
V
 4
0 1.97 1.85 6.02 
7:
 L
50
0 
V
 4
0 1.72 1.52 11.84 
Rx1 2.26 2.22 1.42 1.58 1.49 5.75 
Ry6 1.44 1.31 9.05 1.69 1.45 14.19 
Rx6 2.19 2.05 6.44 ** ** 42.82 
Ry1 
4:
 L
50
0 
V
 2
0 1.93 1.85 3.84 
8:
 L
50
0 
V
 2
0 1.83 1.56 15.09 
Rx1 2.28 2.27 0.51 1.45 1.45 0.51 
Ry6 1.32 1.32 0.35 1.83 1.48 19.27 
Rx6 2.04 2.01 1.59 ** ** 33.59 
        ** indicated that the mean response is equal to zero 
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